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Abstract
The broad aim o f this research was to evaluate a cyclic fed batch culture 
system for the production o f secondary metabolites and to identify a 
physiological parameter that correlated with product induction for optimisation 
of the process.
A  cyclic fed batch culture (C FB C ) system was successfully established using a 
constant flow  o f glucose lim ited medium into the bioreactor, and culture 
stability was found to be dependant on time o f flow initiation. A  40%  increase 
in  product concentration was obtained using C FB C  when compared to batch 
culture with the organism S a c c h a r o p o ly s p o r a  e ry t h r a e a . C FB C  induced 
secondary metabolite production with the organism A m y c o la t o p s is  o r ie n t a l is ,  
despite the lack o f production in  batch culture. Product concentration was 
dependant on the growth rate range used in C FB C  for both organisms, although 
the trends o f productivity differed for the two. Product stability at quasi 
steady-state during C FB C  depended on the variation in biomass concentration 
obtained.
A  number o f physiological parameters were measured in  both batch culture and 
C FB C  for correlation with product induction. A  decrease in  protein synthesis 
rate was observed to precede the induction of antibiotic h i C FB C  with both 
organisms, however, this trend was not observed in batch culture with 
A m y c o la t o p s i s  o r ie n t a l i s . Although complex trends were observed for levels of 
R N A , total protein and the ratio of the two, no correlation with induction was 
observed. Profiled feeding regimes were employed for the manipulation of 
protein synthesis rates to optimise conditions for production. Increased 
productivity was not obtained, although protein synthesis rate was manipulated 
to reduce the tim ing o f product induction at the start of the cycle.
M orphological examination of the filamentous organism S a c c h a r o p o l y s p o r a  
e r y t h r a e a , grown in  either C FB C , chemostat culture or variable volume 
chemostat culture, was found to indicate the organisms physiological state. 
Productivity was highest in  C FB C , coinciding with a transition from 
exponential to linear morphological growth and decreasing growth rate through 
the progress o f one cycle. Where the morphological growth rate remained 
constant, that is in  variable volume chemostat, productivity was lowest. In  
chemostat culture a morphological distribution was observed with both 
exponential and linear growth resulting in a product concentration higher than 
found in  variable volume chemostat but less that in  C FB C .
Future work should include molecular studies to determine events leading to 
secondary metabolite induction. In  conjuction with these studies development a 
unstructured model of the physiology is required. Clarification o f the role of 
protein synthesis rates and particular components of the mechanism are 
required before this parameter can he disgarded.
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1 .1  M ic ro b ia l Physiology and The A n tib io tic  In du s try
In  1940 Waksman and W oodruff isolated the first antibiotic from an 
A c t in o m y c e t a le s  species which stimulated the discovery and isolation o f a 
number o f other new species and genera (Waksman, 1940). The exploitation of 
the species S t r e p t o m y c e s  proved to be o f great commercial and m edical value, 
providing such antibiotics as streptomycin and used in  the control o f 
Tuberculosis (Pasvol, 1993). The gr eat economic importance of this species can 
now be fu lly  appreciated with more recent reports of the secondary metabolites 
produced by A c t in o m y c e t a le s ,  93% were account for by S t r e p t o m y c e s  (Bushell, 
1982). The discovery of antibiotic 'wonder dings' led to the development of 
bioreactor design and exploitation of products by optimisation o f culture 
conditions. One example o f culture development can be found in  the Dutch 
company Gist-Brocades, who obtained a 1000 fold increase in  their penicillin  
production from 1945-1980 by development of culture conditions (Pirt, 1987). 
This vast improvement in  productivity can be attributed, at least in  part, to the 
m icrobial physiologist whose aims include the control of both environment and 
the organism’s reaction to the environment (Pirt, 1987). Pirt reported that the 
penicillin  production efficiency had increased over 40 years at an exponential 
to lineal* rate without sign o f maximum capacity of the organism for penicillin  
production being reached. This presumably holds true for other antibiotic 
production systems ensuring a role for the m icrobial physiologist in  both 
academia and industry.
1 .2  G row th  Rate and Production
Despite the 'tremendous strides' that have been made in the study o f the 
dynamics o f the processes involved in  the production of secondary metabolites
the mechanism for antibiotic induction remains an enigma (Calam  and Rusell, 
1973). The use o f both batch and chemostat culture as tools for the study of 
process kinetics, however, has provided invaluable information as to the tim ing 
of secondary metabolite formation. Numerous workers have reported on the 
onset o f antibiotic production occurring towards the latter stages of batch 
culture. Row ley and Put (1972) observed that production o f melanin by 
A s p e r g i l l u s  n id u la n s  did not occur until exhaustion o f the growth lim iting 
substrate. They concluded that melanin production commenced after the 
termination o f logarithm ic growth when the gr owth rate was restricted. Bu'Lock 
(1974) suggested that secondary metabolite production occurred as a result of 
nutrient lim itation. A  successive decrease in  the availability o f the lim ited 
nutrient (known as the growth lim iting substrate) was thought to cause a 
decrease in the growth rate of the organism. It was observed that this decrease, 
or down-regulation, o f growth rate occurred towar ds the latter stages o f a batch 
culture where secondary metabolite production occurs. More recently Demain
(1992) reported that secondary metabolism occurs at sub-optimal growth rates 
after growth has slowed down. He suggests that growth rate and nutritional 
factors are important in  secondary metabolite production but that we are 
ignorant o f the basic mechanisms. He continued that growth rate control 
appears to be important in secondary metabolism and may be the over-riding 
factor in  cases where nutrient lim itation is needed for the production of 
secondary metabolites. The role of nutrient lim itation was am plified by the 
work o f Bushell and Fryday (1983) who observed sequential product formation 
in  cultures o f S t r e p t o m y c e s  c a t t le y a  in  synthetic medium corresponding to 
depletion o f a specific nutrient. It was concluded that production o f secondary 
metabolites occur s when a certain nutrient becomes lim iting and that the rate of 
production is dependant on the rate of utilisation of the growth lim iting 
substrate. Clear ly  the importance of the nutrient environment on the production 
o f secondary metabolites is evident, through the control o f the growth rate of 
the organism.
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1 .3  In tr in s ic  G row th  Rate
The correlation between growth rate decrease and secondary metabolite 
production obviates a change in  the physiological status of the cell as vital 
nutrients become depleted. Suggestions such as derepression o f enzymes for 
antibiotic synthesis or induction o f enzymes for synthesis by means o f a bigger 
mechanism have been put forward to explain the secondary metabolism 
enigma. However, the existence o f a network of biochemical reactions has 
made the understanding of the behaviour of the systems involved veiy d ifficu lt 
(Calam  and Russell, 1973). Evidence suggests that the mode o f secondary 
metabolisnyprecede^ia*decrease in  one or a number of intiinsic growth factors. 
A  decrease in  the rates of macromolecukr synthesis and a cascade of 
subsequent events a ll result from a decrease in growth rate, the exact sequence 
of events however remains undetermined. The follow ing study attempts to 
summarise some o f the works achieved in  the area of secondary metabolism 
and suggests roles for intiinsic growth factors in the production o f antibiotics.
1.3.1 Carbon Regulation.
Carbon catabolite repression is a phenomenon w idely discussed in  the literature 
detailing the repressive action of certain substrates on primary and secondary
a
metabolism. Catabolite repression is norm ally found by glucose rich medium 
where the glucose is utilised in  preference to other carbon sources by inhibiting 
enzymes o f alternate pathways. In  secondary metabolite- production catabolite 
repression has been used to explain the repression of enzymes for production of 
secondary metabolites. The role o f cyclic AM P has been discussed in  
association with production o f secondary metabolites. W ork at a molecular- 
level has been carried out on E .  c o l i  cultures where glucose has been thought to
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be responsible for reduced levels of cAM P. It is thought that the reduced cAM P 
prevents the binding of regulator proteins to control regions resulting in  the 
prevention o f RN A  polymerase initiating transcription o f enzymes for 
production (Lew in, 1980). Bushell (1989) discussed the lack o f conclusive 
evidence on a molecular level to confirm repression o f transcription in  
S t r e p t o m y c e s  species as found in  enteric bacteria. Evidence for die repressive 
transcription action includes the work of Terry and Springham (1981) who 
found a marked decrease in  the concentration of cAM P with the onset of 
antibiotic production in  cultures o f S . g r is e u s .  They observed the sharpest 
decline in  cAM P at higher phosphate concentrations, thought to indicate the 
lack o f involvement o f phosphate in cAM P levels. Gersch (1978) also observed 
a fa ll in  cAM P levels in  S . h y g r o s c o p ic u s  coinciding with the onset of 
secondary metabolite production. Colombo e t a l. (1982), in  contrast to this, 
found a 20-50% increase in  cAM P levels in  mutant strains producing higher 
tylosin production in S . f r a d i a e . Additionally, the repression o f kanamycin 
synthetase in  production of kanamycin by addition o f cAM P to S. 
k a n a m y c e t ic u s  cultures was reported (Satoh e t a l , 1976). The evidence against 
the role of cAM P in secondary metabolite regulation includes the work of 
Ragan and Vinning (1978) who indicated that the onset o f antibiotic synthesis 
in  S . g r i s e u s  was not related to the intracellular- concentration o f cAM P and 
hence was not controlled by catabolite repression. Hodgeson (1982) was unable 
to detect any involvement of cAM P in glucose repression o f S . c o e l i c o l o r  and 
the attempt by Brown e t a l. (1983) to reverse repression by addition o f cAM P 
in  actinom ycin producers failed. Martin and Demain (1977) suggested that the 
action o f cAM P be more closely related to phosphate regulation rather than 
car bon regulation.
It would appear- that although glucose presence in  a medium can repress 
enzymes for utilisation of other carbon sources, the levels of cAM P dictated by 
the glucose concentration do not affect secondary metabolite production for a
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number o f streptomyces. Probably individual biosynthetic enzymes for some 
antibiotics pathways are subject to catabolite repression but not secondary 
metabolism p e r  se .
1.3.2. Phosphate Regulation
Two suggested effects for phosphate regulation have appeal ed in  the literature
1) a specific negative effect of inorganic phosphate on phosphatases involved in 
the production o f antibiotic
2) a general effect of inorganic phosphate interfering with metabolic pathways 
not known to have intermediate phosphatases.
The specific repression o f enzymes involved in the production o f antibiotics 
was observed by Maju/ftdar and Majumdar (1971) where decreasing phosphatase 
activity occurred with increasing inorganic phosphate concentration in  cultures 
o f S . f r a d i a e .  Sim ilarly, Behai e t a l  (1979) reported repression o f biosynthetic 
enzymes by extracellular phosphate on production of oxytetracycline. M artin
(1977) observed streptomycin production to be sensitive to phosphate 
concentration in  cultures of S . g r i s e u s  whose pathway included at least three 
phosphate cleavage steps.
More general effects o f phosphate on antibiotic synthesis were discussed by 
M artin and Demain (1980) who found complete suppression o f antibiotics by 
phosphate presence in the medium with some species. It was thought that this 
was not the effect of repression of phosphatases since no phosphate precursors 
were required for the antibiotic production. Rhodes (1981) observed a 
repressive action o f phosphate in  the production of oxytetracycline in  cultures
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o f S . r im o s u s  despite no phosphatase activity in  the synthesis o f the antibiotic. 
Both authors suggested the role of cAM P as an effector follow ing phosphate 
hydrolysis o f the nucleotide. M artin and Demain (1980) suggested that cAM P 
stimulated antibiotic synthetases rather than repressed the enzymes for 
production. Tata and Manawat (1994) observed that additions o f cAM P in 
cultures o f S . f r a d i a e  increased tylosin production by 25% -30%  in 'lean' 
medium. In  contrast they found that cAM P additions to rich medium su pressed 
tylosin production dram atically but induced differentiation and production o f a 
'new' unidentified secondary metabolite. The authors therefore suggested that 
cAM P additions directly relieved repression o f enzymes for secondary 
metabolite production and that in  the rich medium the secondary metabolism 
was pushed to a further degr ee.
Other phosphorylated nucleotides have been reported to effect the onset of 
antibiotic production. Hostalek (1969) observed a decrease in levels o f A TP  
prior to an increase in antibiotic production with further additions o f phosphate 
inhibiting chlorotetracycline production. Janglova et al. (1968) measured A TP 
levels in  two strains of S . a u r e o f a c ie n s , a low producer and the production 
strain, and found A TP levels to be higher in  the low producing strain. Atkinson 
(1969) observed that enzymes of primary metabolism activated or repressed / 
inhibited enzymes involved in secondary metabolism dependant on their 
relative levels o f A TP, AD P and AM P. The ratio of concentrations o f these 
molecules was described as the 'energy charge' of the system and was thought 
to indicate the metabolic state o f the organism. Atkinson (1969) provided the 
follow ing equation to determine the energy charge
(A T P ) + 0.5 (A D P)
(A TP) + (A D P) + (AM P)
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A  high energy charge was thought to result from a high phosphate 
concentration in  the medium increasing the rate of formation o f A TP. Evidence 
against the role o f energy charge in the production of secondary metabolites 
was produced by Curdova e t  a l.  (1976) who reported that the energy charge in  
both low producing mutant strains and high producer str ains o f S . a u r e o f a c ie n s  
were identical.
The exact role of phosphate regulation in  the production of antibiotics remains 
undetermined although there appeals to be two distinct modes o f action. 
Inorganic phosphate can either affect directly the activity o f phosphatases 
involved in the synthesis o f antibiotics or repress / inhibit or stimulate enzyme 
production by the action of phophoi+jlated nucleotides for antibiotic production.
1.3.3 Nitrogen Regulation
As w ith both carbon and phosphate regulation, nitrogen sources can interfere 
with secondary metabolite pathways. The most reported pathway interfering 
nitrogen source in the literature is ammonia. In  the production o f tylosin the 
enzyme valine dehydrogenase appears to be either repressed or inhibited by 
ammonia and in  cephalosporin production at least two enzymes involved in  the 
production are repressed in cultures o f C. a c r e m o n iu m  (Demain, 1992). 
Ahranowitz (1979) observed that under ammonium excess the enzyme 
glutamine synthetase -glutamate amino transferase was active whereas under 
ammonium lim itation the active enzyme was glutamate dehydrogenase. Under 
ammonium lim itation high levels of cephalosporin were observed coinciding 
with peak glutamate dehydrogenase. H igh levels of glutamine synthetase- 
glutamate amino dehydrogenase coincided with a decrease in  antibiotic levels. 
Shapiro (1989) found low concentr ations of ammonium ions were assimilated 
by glutamate dehydrogenase to form glutamate whereas at high ammonium ion
s
concentrations glutamine synthetase formed glutamine. Glutamate is believed 
to be a precursor for erythromycin biosynthesis in S . e r y t h r a e a  (Flores and 
Sanchez, 1989). This effect was also observed in  cultures of S . c a t t U y a  (W ax e t  
a l ,  1982) and in  cultures o f S . v e n e z u e la e  (Vini^c) and Chatterjee, 1982).
It would appeal' that not a ll ammonium salts interfere with antibiotic synthesis. 
Potvin and Peringer (1994b) observed that different ammonium salts provided 
different growth patterns in cultures of S . e ry t h r a e a . Ammonium sulphate 
provided growth associated kinetics whereas with ammonium nitrate growth 
dissociated kinetics were observed. Uniphasic patterns of growth and antibiotic 
production have been observed when nitrate has been used instead of 
ammonium (Potvin and Peringer, 1994b) Shapiro and Vim /rg (1984) found low 
levels o f chloramphenicol during rapid growth in cultures o f S . v e n e z u e la e  
grown in ammonium. Production increased however during the stationary phase 
o f growth after growth rate had slowed down. However, in  medium containing 
nitrate as the nitrogen source, chloramphenicol production was obseived during 
active growth (Shapiro and V im n j, 1983; Chatterjee and V in m j, 1982; 
Chatteijee e t  a l ., 1983). In culture mixtures of ammonium and nitrate, 
ammonium was utilised preferentially (Shapiro and V in irtg 1984). The 
authors obseived that inhibition of nitrate uptake was responsible for the 
preferential ammonium utilisation rather than repression or inhibition of 
enzymes. It was also suggested that the mechanism for preferential assim ilation 
was not responsible for control o f chloramphenicol production. The exact 
mechanism for the interference o f nitrate sources remains unknown although it 
would appeal* that enzymes involved in the biosynthetic pathway are either 
repressed or inhibited in some way by certain nitrogen sources
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1 . 3 . 4  O x y g e n  R e g u l a t i o n
D issolved oxygen concentration has also been observed to affect both growth 
and antibiotic production in  S t r e p t o m y c e s  species. In cultures o f S . c la v u l ig e r u s  
a 50% dissolved oxygen concentration maintained thr oughout increased the rate 
o f cephalosporin production two fold w hilst a constant 100% dissolved oxygen 
concentration increased production three fold compared with the uncontrolled 
culture system (R o llin  e t  a l ., 1988). Ro llins e t  a l.  (1990) found that the 
activities o f enzymes deacetoxycephalosporin C  synthetase and isopenicillin  N 
synthetase activities involved in  the synthesis o f the antibiotic, increased 2.3 
and 1.3 fold respectively when 100% dissolved oxygen was maintained 
throughout. Yesneswaran and Gray (1991) found a 2.4 fold increase in 
cephalosporin production when dissolved oxygen was controlled close to 
saturation in comparison to no dissolved oxygen control in  cultures o f S . 
c l a v u l ig e r v ®  . A  gas m ix was used to control oxygen levels in the culture to 
maintain constant shear and mass transfer throughout the cultivation. Satur ated 
dissolved oxygen was found to be necessary only during the growth phase to 
produce the increase titre and it was therefore concluded that enzymes 
produced for the synthesis o f cephalosporin were synthesised during active 
growth. Oxygen control has more recently been used in  screening for 
antibiotics. The novel use o f lim iting oxygen for the detection o f antibiotic 
activity in  screening programmes, which would otherwise have gone 
undetected, was described by Clark e t a l  (1995). Oxygen lim itation was found 
to both induce and inhibit production in  cultures of both S . e r y t h r a e a  and A .  
o r ie n t a l i s  respectively. The work suggests the regulatory role o f oxygen 
lim itation on the synthesis o f antibiotics.
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1 .3 .5  P ro te in  S y n th e sis
The machinery for protein synthesis and protein synthesis rates have both been 
im plicated as possible effectors of secondary metabolism. Reports on levels of 
macromolecules including R N A  and ratios o f charged to uncharged tR N A  have 
been investigated for a correlation with the production of antibiotics. Granozzi
(1990) observed a decrease in protein and nucleic acid synthesis at the end of 
vegetative mycelium growth on solid medium coinciding with the phase where 
secondary metabolites are produced. W ilson and Bushell (1995) showed a 
decrease in  rate o f protein synthesis for S . e r y t h r a e a  coincided with onset o f 
erythromycin production. Under carbon lim ited conditions it was found that 
erythromycin production occurred when the protein synthesis rate decreased 
late on in  the culture w hilst under nitrogen lim itation erythromycin production 
occurred earlier. It was found that erythromycin production was growth 
dissociated for carbon lim ited conditions and more growth associated under 
nitrogen lim ited conditions. Liras (1977) found that an increase in  the rate of 
R N A  synthesis during the period o f rapid growth was followed by a decrease 
before the onset of antibiotic synthesis. A  similar* decline in  R N A  synthesis was 
found in  S . o r ie n t a l i s  at the onset of vancomycin production (M etz and Doolin, 
1972) and with S . a n t ib io t ic u s  before actinomycin formation (Jones, 1975), 
Charged to uncharged ratios of tRN A were studied in E .  c o l i  by Rojiani (1989) 
who indicated that the ratio o f tRN A molecules is important in  secondary 
metabolite production and has suggested that the ratio o f 0.2-0.1 stimulates 
production. These works strongly suggest regulation at a macromolecular level 
and an involvement of protein synthesis on the mechanism for secondary 
metabolite production.
i i
1 .3 .5 .1  T h e  S trin g e n t R e sp o n se
Follow ing nutrient depletion in  a culture system an organism experiences a lack 
of supply o f amino acids to sustain protein synthesis and as a result shuts down 
a wide range o f activities. This is known as the stringent response.(Lewin, 
1980). Deficiency of any one amino acid allows the presence o f an uncharged 
tRN A  molecule in  the A-site o f the ribosome, norm ally available for an 
aminoacylated tRN A molecule. In  E .  c o l i  cultures accumulation o f two 
nucleotides follow  starvation, guanosine tetraphosphate (ppGpp) and guanosine 
pentaphosphate (pppGpp). Levels of ppGpp increase when cultures are lim ited 
in  either amino acids, inorganic nitrogen, carbon, and phosphate (Cashell and 
Rudd, 1987; Gentry e t  a l ,  1993). An and V in M J (1978) first discus^the role 
o f the stringent response in connection with secondary metabolism of 
streptomyces where streptomycin production occurred follow ing a drop in  
ppGpp levels. Hamageshi e t a l.  (1981) found a correlation in  production of 
antibiotic and ppGpp accumulation in S . g a l i la e u s  and Smith et a l.
(1979) found sim ilar results with S . a u r e o f a c ie m .  Rojiani (1989) observed a 
lin k between the stringent response and ratios of tRN A in  cultur es of E .  c o l i  
and suggested that at a ratio of charged to uncharged tRN A  between 0.2-0.1 
ppGpp production was stimulated. An increase in uncharged tRN A  was found 
to pr ecede an increase in  ppGpp levels and maximal levels of ppGpp coincide 
with secondary metabolite production. Ochi (1986) found an increase in 
form ycin production in cultur es of S . la v e n d u la e  follow ing nutrient shift down 
and subsequent ppGpp accumulation. Form ycin production was impaired in  the 
relaxed mutant deficient in ppGpp accumulation. In  subsequent publications 
(O chi, 1987; Ochi, 1988; Ochi, 1990a; Ochi, 1990b) relaxed mutants o f S .  
a n t ib io t ic u s ,  S . g r is e o f la v in ,  S . g r is e u s ,  and S . c o e l i c o l o r  respectively were 
found to accumulate low levels of ppGpp after nutrient shift down and were 
deficient o f antibiotic production. However, these mutants were found to gr ow 
at lower rates than then parent strain, hence it was unclear- whether the
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decreased antibiotic synthesis was the result o f a lack of accumulation of 
ppGpp or impaired protein synthesis. In  addition Bascaran (1991) failed to find 
any relationship of ppGpp levels and clavulanic acid production in  cultures of 
S .  c la v u l ig e r o u s .  In  cultures o f E .  c o l i  mutants allowing an early increase in the 
levels o f ppGpp were found to lead to a reduction in  growth rate in  nutrient rich 
conditions (Sarubbi e t  a l ., 1988; Schreiber e t  a l ., 1991) suggesting the 
involvement of ppGpp in  the regulation into stationary phase thus explaining its 
presence during antibiotic synthesis.
1 .3 .5 .2  R ib o so m a l E ff ic ie n c y
A  wide knowledge of the growth characteristics and antibiotic production o f 
non actinomycete bacteria has evolved over the years using model organisms 
such as E .  c o l i . This has led to general themes in  the regulation o f both genera, 
such as the observation of the stringent response in the regulation o f antibiotic 
production, first investigated in  enteric bacteria. The protein synthesis capacity 
o f enteric bacteria has also been widely discussed in relation to the regulation 
o f growth. Sim ilarly, in  some streptomyces species links with secondary 
metabolism and protein synthesis have been reported. The efficiency o f protein 
synthesis machinery, however, has only been investigated in connection with 
enteric bacteria. The reason for the lack of interest in  this area for streptomyces 
is unknown since ribosomal inefficiency is linked with nutritional shift down 
and growth rate decrease as obseived at the time of secondaiy metabolite 
production in  streptomyces.
Enteric bacteria, on shift up from a nutritionally poor medium to a rich 
medium, are capable of faster growth. RN A  synthesis was found to be one o f 
the first effects of a shift up (Kjeldgaard e t a l ,  1958; Maaloe and Kjeldgaard, 
1966). Kjeldgaard and Kurland (1963) suggested that protein synthesis rate was
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therefore constant at a ll growth rates, later known as the 'constant efficiency' 
hypothesis (Maaloe and Kjeldgaard, 1966). However, this hypothesis was 
challenged by Koch (1970) who suggested that the rapid increase in  protein 
synthesis rate could not be accounted for by time taken to synthesiseRNA and 
that the rate o f protein synthesis was not constant at a ll growth rates. Norris 
(1970) found a six fold excess of RN A  in relation to net protein in  carbon 
lim ited chemostat culture supporting slow growth rates. Sim ilarly Koch and 
Deppe (1971) and Alton and Koch (1974) measured the rate o f protein 
synthesis before and after nutritional shift up and found efficiency o f ribosomes 
to be low at lower growth rates. Koch and Deppe showed an increase in 
efficiency o f between 4.4 and 6.6 immediately after nutrient enrichment in 
carbon lim ited chemostat cultur e. In  phosphate lim ited cultures Alton and Koch 
observed a 6 to 9 fold increase in  efficiency when shifted to the same rich 
medium. Koch (1980) concluded that the efficiency of ribosomes participating 
in  protein synthesis was high at higher growth rates and that the bacteria hoard 
protein synthesis machinery at low growth rates, not using it to its fu ll capacity. 
He suggested that the 'extra' machinery decreases the lag phase when the 
opportunity to grow faster occur s. The ecological explanation put forward for 
the machinery hoard was that organisms constantly find themselves in a 'feast 
and famine' existence in natur e and store machinery for growth w hilst awaiting 
better times (Koch, 1980 and 1976). The efficiency of ribosomes functioning in  
streptomyces species has not been reported in  the literatur e, although evidence 
suggests a strong link with protein synthesis capacity and secondary 
metabolism. It is possible that the level of efficiency of functioning ribosomes 
would determine the tim ing o f secondary metabolite induction and would 
appeal* to be a further avenue to investigate.
1 .3 .6  A u to re g u la to r F a cto rs
Some secondary metabolites have been reported to be regulated by a class of 
compounds known as gamma-butyrolactones. Possibly the most commonly 
reported o f these is A-factor, 2-s-isocapryloyl”3-s-hydroxym ethyl-y- 
butyrolactone. h i str ains of S . g r i s e u s  investigated A-factor was found to be 
essential for both streptomycin production and spore formation (Hara e t  a l ,  
1983), Mutants lacking A-factor lost then streptomycin producing capacity and 
spore formation ability. When A-factor was added to cultures o f the mutants 
production capacity and spore formation was restored. However, O chi (1987) 
found that addition of A-factor to solid cultur es of S . g r i s e u s  failed to relieve 
repression o f aerial mycelium formation, norm ally observed at the time of 
secondary metabolism. He suggested that A-factor was a complimentary factor 
rather than an inducer o f secondary metabolism, its presence rendering the cell 
sensitive to signal molecules for secondary metabolite production. Yanagimoto
(1988) observed the induction of virginam ycin on addition o f the butyrolactone 
IM  in  cultur es o f S . v i r g in ia e .  A  second autoregulator, IM 2, was detected in an 
unknown S t r e p t o m y c e s  species and was found to induce blue pigment 
production. The action of IM 2 was found to be analogous to IM  and 
Yanagimoto suggested that IM 2 acted as a mediator in the regulation of blue 
pigment by glucose, nitrogen and phosphate sources.
1 .4  Morphology
The most distinctive char acteristic of the bacteria S t r e p t o m y c e s  in comparison 
to other bacterial genera i$  their morphology. S t r e p t o m y c e s , as in some 
eucaryotic organism^ take on a filamentous form. This has led to parallels being 
drawn between streptomyces species and filamentous fungi, both of which
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produce antibiotics. The original parameters used to describe hyphal 
morphology o f these two species were the hyphal length and number of 
branches. Trin ci (1974) defined a new parameter, known as the hyphal growth 
unit (H G U ) and determined from the mean hyphal length per tip
HGU  = Total length of hyphae 
Number of tips
Steel and Trin ci (1975) introduced a further parameter to describe hyphal 
morphology known as the hyphal extension rate and was shown to be a 
function o f the hyphal growth unit and specific growth rate o f an organism
E  = HGU. \i
Hyphal morphology was found to be affected by the organisms growth rate. In 
cultures of A . n id u la n s  hyphal branching and diameter increased with 
increasing length and decreasing hyphal growth unit as the specific growth rate 
increased (Katz et al., 1972). Righelato (1970) found sim ilar results in cultures 
of P .  c h r y s o g e n u m  in carbon lim ited chemostat. The hyphal growth unit was 
found to decrease resulting from an increase in  branching o f the organism as 
the specific growth rate decreased. In addition Robinson and Smith (1979) 
obseived a decrease in  the hyphal growth unit with increasing growth rate in  
cultures o f G . c a n d id ic in .  In  contrast to this work Caldw ell and Trin ci (1973) 
found that the hyphal growth unit remained constant in cultures o f G. 
c a n d i d ic i n  when the specific growth rate was varied by temperature, carbon 
source or addition o f cyclohext mide. In  cultures of S . h y g r o s c o p ic u s  the hyphal 
growth unit decreased with increasing specific growth rate until a minimum 
growth rate o f 0.32b"1 * was reached (Reisenberg and Bergter, 1979) The mean 
extension rate remained constant and the branching rate was found to increase 
with increasing specific growth rate. Put (1967) studied hyphal morphology in
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S . h y g r o s c o p ic u s  and S . g r a n i c o l o r  in  chemostat culture and concluded that the 
morphology o f streptomyces was determined by the substr ate used.
Environmental factors have also been found to influence hyphal morphology, 
van Suijdam  and Metz (1981) found an effect of agitation on the morphology 
o f filamentous organisms. The hyphal growth unit increased from 54pm to 89p 
m when stirrer speeds were reduced from lOOOipm to 450rpm respectively. 
This was thought to be partially due to m ixing and mass transfer effects. 
However at speeds o f 2100rpm the hyphal growth unit decreased further. Carter 
and B u ll (1971) studied the effects of oxygen tension on hyphal morphology 
and growth kinetics o f A . n id u la n s .  At oxygen tensions o f 18mmHg and 
156mmHg the mean hyphal lengths and degree of branching were found to be 
independent o f D O T. Below oxygen tension of 18mmHg swollen cells were 
observed and below 3.5mmHg conidiation was evident. The effect o f carbon 
dioxide tension on hyphal morphology was studied in cultures o f P .  
c h r y s o g e n u m  in  batch culture (Ho and Smith, 1986). A t carbon dioxide 
tensions o f 3%  to 5% an increase in branching was obseived in comparison to 
the control. Between 13% to 20% carbon dioxide tension stunted and swollen 
hyphae were evident.
Surprisingly little work has been concerned with the effect o f morphology on 
production o f antibiotics. Belm ar-Beiny and Thomas (1991) obseived a 
negative correlation between morphology and production of clavulanic acid in 
cultur es o f S . c l a v u l ig e r u s . Martin (1994) on analysis of these results, however, 
disagreed with the conclusions reached by the original authors and concluded 
that morphology can influence antibiotic production. Ho and Smith (1985) 
obseived a decrease in penicillin  production with the stunted morphology 
obseived at carbon dioxide tensions o f 13% to 20%. Whether these 
m orphological changes induced secondary metabolite production or were 
signals o f the physiology o f the cell remains undetermined, though the latter is
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suspected. Katz e t  a l  (1979) observed morphological changes o f filamentous 
organisms in  the soil dependant on the nutrient availability. They surmised that 
these changes were used to fu lly  exploit the nutrient environment by branching 
and elongation of hyphae in  search o f nutrient rich areas. This indicates a 
dependency o f the morphology on the growth rate of the organism.
1 .4  Nutritional Regulation
Nutrient availability appears to have a considerable influence on the appearance 
o f secondary metabolites. Carbon, phosphate and nitrogen sources a ll play a 
role in  the regulation of secondary metabolism in certain organisms. The 
presence o f excess glucose is thought to repress production of antibiotics and 
stimulate growth o f the organism. It would follow  then that enzymes for 
secondary metabolite formation are not produced since the organism does not 
require them for growth. Decreasing the growth rate by feeding low 
concentrations of glucose results in  production of secondary metabolites as 
shown in  the production of penicillin  from P e n ic i l l iu m  c h r y s o g e n u m  (Demain 
1972). Phosphate concentrations in the culture can also affect the production of 
secondary metabolites both specifically and generally by increasing energy 
charge levels or repressing phosphatases involved in the synthetic pathway. In  
addition nitrogen sources can have a negative effect on secondary metabolism 
although the mode o f action is less understood. Clearly this stresses not only 
the importance o f nutritional factors on production of antibiotics but also the 
effect o f contr ol o f growth rate on production since it is directly linked to the 
nutrient environment. Ultim ately the nutrient availability w ill affect intrinsic 
gr owth factors o f the organism, including rate of synthesis o f proteins, D N A, 
R N A  and other macromolecules, a ll o f which have been im plicated in  the 
induction of antibiotic synthesis. It is thought that the rate o f synthesis of these 
macromolecules, or in  broad terms the intrinsic growth rate, decreases with
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decreasing nutrient availability, setting in motion cascades of events one or a 
number o f which derepresses or induces enzymes for antibiotic synthesis. 
Evidence points to other regulatory mechanisms discussed above also being 
controlled as a direct result of nutrient depletion and hence down regulation of 
intrinsic growth rate. Autoregulating factors are also thought to be produced in 
response to nutrient lim itation (Yanagim oto, 1988). In addition Rojiani e t  a l
(1989) reported a correlation between nutrient depletion and levels of 
uncharged tRN A  and its effect on ppGpp levels. From this it appeals that the 
stringent response is induced by a decrease in  intrinsic growth rate. 
Morphology o f the organism also appeals to be affected by nutrient availability. 
It has been obseived that morphology changes as a result of growth rate in 
chemostat culture where different hyphal growth unit lengths were obtained at 
different dilution rates (Wiebe and Trinci, 1990).
Since antibiotic synthesis appeals to regulated by intrinsic growth rates and is 
found when a decrease in the intrinsic growth rate occurs, a culture method to 
obtain a constant decrease in  the rates of macromolecules synthesis is required. 
Although batch culture provides a system for decreasing growth rate, the down 
regulation occurs for only a fraction o f the culture time. A  system providing a 
continual down regulation of growth rate is required for optimisation of 
secondaiy metabolite production.
1 .6  Bioreactor Design
1 .6 .1  F e d  B a tc h  C u ltu re
Since 1930 fed batch culture has been developed from a simple process for the 
production o f bakers1yeast to a complex computer controlled system encompassing 
the production o f amino acids and enzymes to recombinant protein and
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antibiotic production. The rapid increase in the development o f the culture 
system was initiated in  the 1970s when the teim 'fed batch culture' was 
introduced by Yoshida e t a l. to describe the culture technique (Yoshida e t  a l. ,  
1971). A  better understanding o f the fed batch process has since been found 
and this culture system is now used for its efficiency in overcoming effects of 
substrate and product inhibition, catabolite repression and auxotrophic 
mutation, and hence increasing productivity (Panov and Kristaposous, 1991). 
Increases in  productivity were obseived in  cultures of C a n d i d a  t r o p i c a l i s  grown 
in  a bioreactor with a substrate feed, doubling its yield over the conventional 
batch culture (Yoshida et a l . ,  1973). Fed batch culture has also been used to 
increase productivity in  actinomycete cultur es. Singh e t a l  (1976) showed that 
a feed containing glucose and ammonium sulphate increased the yield  of 
streptomycin in  culture o f S t r e p t o m y c e s  g r is e u s .  More recently reports o f 52% 
increase in  tylosin production by cultures of S t r e p t o m y c e s  f r a d i a e  were 
reported using fed batch culture over batch culture. (Gray and Vu-Trong, 
1986).
Possibly the most common use o f fed batch cultur e has been its employment in  
industry to avoid oxygen lim itation during cultivation. A  classical example of 
the use o f fed batch culture to control oxygen lim itation is in the cultivation of 
bakers yeast. Moss e t a l  (1971) showed that glucose concentrations above 
70mg/l glucose tended to be partially metabolised to ethanol and carbon 
dioxide. Below  this concentr ation growth ceased. The presence o f ethanol and 
CO& in the culture broth was found to lead to anaerobic conditions arising, this 
phenomenon being known as the 'Crabtree Effect'. Aiba e t a l.  (1976) describes 
a fed batch system for yeast where the feed rate o f the medium is contr olled by 
the respiratory quotient to prevent the foimation of anaerobic conditions. Fed 
batch culture has also been used for oxygen control in  penicillin  production. 
Ryu and Humphrey (1972) discussed the critical cell concentration which must 
not be exceeded if  the efficiency of the culture system is to be maintained and
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for the control o f oxygen demand of a penicillin  culture for maximum 
production. Calam and Russell(1973) discussed a computer model for penicillin  
cultivation with a substr ate feed to avoid such effects of oxygen lim itation.
In  addition to the immediate effects o f oxygen control and increased 
productivities, fed batch culture was found to fu lfrl some o f the roles of 
chemostat culture by permitting substrate lim ited growth (Put, 1975). The 
lim ited gr owth of the organism in substrate fed cultur e allows the contr ol o f the 
growth rate and metabolism by the flow  rate of the lim iting substrate. Hence 
Yoshida e t  a l  (1971) had inscribed a system, which on lim iting the growth of 
the organism, allowed the control o f the growth rate by the flow  rate into the 
bioreactor. Pirt (1974) showed that in  a fed batch system the growth rate 
equalled the dilution rate of the feed when constant biomass concentr ation was 
achieved and described this state as 'quasi-steady state'. Attainment o f a quasi 
steady state in fed batch cultures can be achieved using either a constant feed 
rate into the bioreactor, or an exponential feed where the flow  rate into the 
bioreactor equals the gr owth rate of the organism. In  the case o f a constant feed 
rate it would follow  then that the dilution rate in  fed batch culture would 
decrease with time since,
D  = F/V
where
D is the dilution rate,
F  is the flow  rate of substrate into the bioreactor,
V  is the volume in the bioreactor,
The volume in the bioreactor increases while the flow rate stays constant 
therefore D  must constantly decrease. At quasi steady state the growth rate also 
decreases since D = p. For exponentially fed cultures where the feed rate 
increases at the same rate as the organisms'gr owth, the dilution rate and gr owth
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rate at quasi steady state remain constant. B y using an exponential feed rate the 
fed batch culture is analogous to chemostat culture and can therefore be used in 
place o f chemostat to study growth kinetics (Dunn e t a l ,  1979). Sim ilarly 
constant feed fed batch cultures are analogous to chemostat cultures where the 
feed rates are slow ly decreasing with time and can therefore be used to study 
m icrobial response to transient conditions. The use of fed batch culture in  place 
o f chemostat culture has several advantages including ease o f operation, 
decreased probability o f contamination (only one enhance point for 
contaminant) and increased control of growth rate at quasi steady state. 
However, Dunn e t a l  (1979) predicted by the use of computer m odelling that 
during the in itia l stages of fed batch culture the growth rate would not be 
controlled by the dilution rate, hence a quasi steady state would only be 
achieved in  the latter stages of the cultivation. A  further lim itation in  fed batch 
culture is that the process is not continuous, the volume of the bioreactor being 
finite.
1 .6 .2  C y c lic  F e d  B a tc h  C u ltu re
The repeated fed batch culture (more recently termed cyclic fed batch culture) 
was fust introduced by P iit (1974) as a continuation of the fed batch process 
where a volume of culture is removed at intervals to prevent bioreactor capacity 
lim itations. Pirt predicted that the use o f a constant feed rate would allow cyclic 
variations in  culture volume, dilution rate and specific growth rate to occur 
during the repeated fed batch culture. Using this cultivation method it was 
thought that a quasi steady state could be maintained indefinitely follow ing 
initiation o f the substrate feed. However, Dunn and Mor (1975) obseived that 
initiation o f feeding after maximum biomass is reached during batch phase 
would lead to a mis-alignment of the growth rate and the dilution rate in 
repeated fed batch cultures and hence would lead to biological disturbances.
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Com plex start-up regimes have been reported by a number of workers where 
the initiation of feeding to the repeated fed batch system allows for the 
alignment o f growth rate and dilution rate (Yamane e t a l ,  1979; Guthke and 
Knorre, 1981; Dunn and Mor, 1975). Consequently for ease o f operation 
I  recommend that the cyclic fed batch culture system be operated 
with the feed to the bioreactor initiated before the maximum growth rate is 
reached. The early initiation of feeding is thought to allow the growth rate to 
reach quasi steady-state at the start o f the cycle and hence optimise production.
C yclic fed batch culture has had little published recognition as a method for 
increasing yield of secondary metabolites despite its use in  industry for 
penicillin  production (Put, 1975). M odelling of cyclic fed batch systems has 
been reported with conflicting views. Trilli/(1976) predicted that cephalosporin 
productivity in C FB C  would increase by one third over batch fermentation. 
Guthke and Knorre (1982) devised a model which predicted increased 
productivity over chemostat culture, w hilst Dunn et a l  (1979) predicted 
productivity to be higher in  chemostat culture than batch, fed batch, cyclic 
batch (where the bioreactor is filled  to the maximum with medium after 
withdrawing a portion of the culture) and cyclic fed batch. Put (1974) predicted 
that if  the specific production rate, qp, is constant in cyclic fed batch culture 
then the product concentration cannot exceed that obtained in  a chemostat. 
However, Put stated that the quasi steady-state conditions may stimulate the 
formation o f some products so that the specific production rate would then 
exceed the chemostat value. Pirt also observed that the theory o f quasi steady 
state is most like ly  to break down at the start of the cycle when a sudden shift 
up o f growth rate is demanded due to the decrease in culture volume and hence 
increase in  dilution rate. He suggested pumping out o f the culture at a 
contr olled rate to avoid the shift up.
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Despite the literature available on theoretical accoimts of cyclic fed batch 
culture little experimental data is available for the production o f secondary 
metabolites. Vu-Trong and Gray (1982) compared batch cultures with cyclic 
fed batch cultures of S t r e p t o m y c e s  f r a d ia e .  A  microprocessor was used to 
contr ol a feed of monosodium glutamate and glucose in complex cyclic square 
wave profiles which resulted in a 114% increase in the amount of tylosin 
produced over batch culture. In  a later publication (Gray and Vu-Trong, 1986) 
they showed that a continuous flow  rate in  the cyclic fed batch culture 
produced higher amounts o f tylosin than obtained in batch culture but lower 
than the complex cyclic wave profile feeding. A  physiological explanation for 
the increase in  productivity of tylosin in cyclic fed batch cultur e was given in  a 
later publication suggesting a correlation between RN A  content and product 
synthesis in  cyclic fed batch culture (Vu-Trong and Gray, 1986). The kinetics 
involved in  cyclic fed batch culture mimic the latter stages of a batch culture 
where the growth rate decreases follow ing maximum growth rate. In  batch 
cultur e the specific growth rate is given as
dx/dt = p.x
where
x  =  biomass concentration (g/1)
\i =  growth rate (h-1) .
The growth rate can be expressed in cyclic fed batch cultur e as
H = (M). (JL)
^ v d t '  x y
since the biomass concentration remains constant but the total biomass 
increases. Integrating we obtain in cyclic fed batch culture, for infinitesim ally 
sm all time changes
,xt.Vt -xo.Vo. 1 n = (   ).■
t  X 0. V 0
In  cyclic fed batch culture 'quasi steady state '
\i =  D
where
D  = dilution rate
and
D  = F/V
On attainment o f a quasi steady state in  cyclic fed batch culture the equations 
for dilution rate and growth rate should be equivalent and decreasing 
asym ptotically. A  simulation of the resulting growth rate profiles in cyclic fed 
batch culture are shown in figure 1 depicting a constant decrease in  growth rate 
during one cycle o f the cyclic fed batch system. The three curves represent 
three different dilution rates (and hence growth rate ranges) obtained by 
different flow  rates of the substrate feed.
Time (h)
Figure 1. Decreasing growth rate in cyclic fed batch culture at different substrate
flow rates.
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In  batch culture the specific production rate has been obseived to increase 
during periods o f growth rate decline (Demain, 1992; Bushell, 1989, 
McDermott et a l, 1993). C yclic fed batch culture can, therefore, be used as a 
semi continuous method for the production of secondaiy metabolites since the 
growth rate is constantly down regulated.
C yclic fed batch culture can also be operated to increase the substrate feed 
exponentially allow ing a constant growth rate to be obtained. The resultant 
system was described as a variable volume chemostat by Dunn and Mor (1975) 
and used as an alternative to chemostat culture. Although the use o f such a 
system would presumably lead to decreased productivity for growth dissociated 
products since growth rate would not be down regulated, the variable volume 
chemostat would provide a more comparable control with which to evaluate 
cyclic fed batch culture. The variable volume chemostat would also prevent the 
disadvantages associated with chemostat culture such as uneven distribution of 
residence times o f organisms in  the bioreactor. Additionally growth rate control 
is unrestricted when used in  conjunction with a computer control system and 
substrate profiling can be carried out to optimise productivity. Numerous 
workers have reported on the use of optimal profiling for product optimisation, 
though most papers give theoretical accounts. In  these reports, optimisation of 
productivity in  the fed batch or cyclic fed batch system was carried out by 
manipulation o f the nutrient flow  or the lim iting substrate concentration using 
predetermined algorithms derived from computer models. Guthke and Knorre 
(1981) discussed the use o f the lim iting substrate concentration to optimise 
conditions for antibiotic production. San and Stephanopoulos (1989) derived 
algorithms for the maximisation of penicillin  production in  fed batch cultures 
and Panov and Kristapsons (1991) for the production of secondaiy metabolites. 
Feedback control in  fed batch and cyclic fed batch cultures using on-line C 0 2, 
0 2 , respiratory quotient and biomass measurements can be used to control the 
feed rate o f substrates (A iba et al., 1976; Fehrenbach et al., 1992; Modak et al.,
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1986). The use o f such control methods allows the manipulation o f the 
environment within the bioreactor for optimal productivity.
The cyclic fed batch culture system can therefore be operated using a simple 
'fill and draw' method where a constant flow  into the bioreactor allows a 
asymptotic decrease in  growth rate or using computer contr ol to allow  complex 
manipulations o f the growth rate to optimise productivity. The optimisation of 
productivity, however, requires a knowledge of the organisms R esponse to the 
environment. A t present the knowledge o f the mechanism for product induction 
is lim ited although it is thought that a decrease in intrinsic growth factors is in 
some way responsible. The cyclic fed batch system can be used not only as a 
method o f increasing productivity in the bioreactor but as a useful tool in 
obtaining information on secondary metabolite induction.
1 .7  Aim
The aim o f this project was to determine the appropriateness of using C FB C  for 
secondary metabolite production. This involved a study of the behaviour o f the 
organisms used in  C FB C  and the productivity obtained in  comparison to other 
culture methods. The C FB C  was used to determine the relationship between 
growth rate and productivity since growth rate can be controlled in  a C FB C . 
The C FB C  was used as a tool to study intrinsic growth rate by measurement of 
macromolecular synthesis and its role in  secondary metabolism. M orphological 
studies during C FB C  were made for the filamentous organism S . e r y t h r a e a  to 
determine any effect o f morphology on productivity. Fin ally optimisation o f the 
C FB C  was attempted using computer control to manipulate growth rate.
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2 .1  Microbial Strain And Culture Medium
The strains used were S a c c h a r o p o ly s p o r a  e r y t h r a e a  (S . e r y t h r a e a j ,  M G 10534, 
and A m y c o la t o p s i s  o r ie n t a l i s  (A . o r ie n t a l is ) ,  19795.
The media used for cultivation o f S . e r y t h r a e a  and A .  o r ie n t a l i s  were 
formulated as shown below:
Table 1: Tomato-oatmeal agar
Tomato puree 
(Sainsbm y)
20g/l
Oat Cereal 
(M ilupa)
20g/l
Nutrient agar 
(O xoid)
20g/l
pH 7
Table 2: Carbon lim ited L-series medium (S . e r y t h r a e a )
Glucose
(B D H )
6g/l
Sodium nitrate NaNCh 
(A ldrich)
11.21g/l
Potassium di hydrogen orthophosphate 
(A ldrich) K H 2P 0 4
3g/l
di Potassium hydrogen orthophosphate 
(A ldrich) K 2H P 0 4
7g/l
Trace element solution 10ml
Table 3: Carbon lim ited L-series medium (A . o r ie n t a l i s )
Glucose
(B D H )
15g/l
Sodium nitrate 
(A ld iich ) N aN 03
22,24g/l
Potassium di hydrogen orthophosphate 
(A ld iich ) K H 2P 0 4
6g/l
di Potassium hydiogen orthophosphate 
(A ld iich ) K 2H P 0 4
14g/l
Trace element solution 20ml
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T a b le  4; T race  E le m e n t So lu tion
Magnesium sulphate 
(Sigm a) M gS04.7H26
25g/l
li on sulphate 
(A ldrich) FeS04.7H20
2.5g/l
Cupric sulphate _ 
(Sigm a) CuSO =
0.053g/l
Cobaltous chloride 
(Sigm a) GoCl2
0.055g/l
Calcium  chloride 
(Sigm a) C aC l2.2H20
1.38g/l
Zin c chloride 7\ Zn C l2(Sigm a)
1.04g/l
Manganese chloride 
(Sigm a) M nCl2
0.62g/l
Sodium molybdate 
(Sigm a) Na2M o04
0.03g/l
2 . 2  Culture Preparation
2 .2 .1  S tra in  M ain te n an ce
Nutrient agar (O xoid) spread plates of S a c c h a r o p o ly s p o r a  e r y t h r a e a  and 
A m y c o la t o p s i s  o r ie n t a l i s  were prepared from freeze-dried stocks o f culture. 
Stock strains o f both S a c c h a r o p o ly s p o r a  e r y t h r a e a  and A m y c o la t o p s i s  
o r ie n t a l i s  were maintained on tomato-oatmeal agar spread plates at 4°C for a 
maximum o f 2 months. The tomato-oatmeal agar provided high levels of aerial 
m ycelium  and spores and was therefore used for inoculum preparation.
2 .2 .2  In o c u lu m  P re p a ra tio n
Shake flask cultivation was carried out in itia lly  in 25ml o f nutrient broth 
medium in a 250ml flask inoculated with a colony of the organism from the
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tomato agar plates. The shake flasks were either shaken on a rotary shaker (A .  
o r ie n t a l i s ) or stirred using a magnetic triangular stirrer bar on a stirrer platform 
(S .  e r y t h r a e a )  at 240rpm. The cultures were maintained at 30°C  for 48 hours.
A  5%  v/v bioreactor inoculum was prepared using 250ml shake flasks 
containing 25mls of L-series medium, inoculated with 2mls of culture from the 
nutrient broth shake flask culture. L-series medium was used as inoculum 
medium to prevent cany over of nutrients from the nutrient broth shake flasks 
to the bioreactor. The L-series flasks were grown at 30°C for 48 horns on either 
sthier platforms using triangular bar magnetic stfrrers or shaker platforms at 
240 lpm .
2 . 3  Bioreactor Design and Culture Conditions
The Braun Biostat M D bioreactor used in  both batch, cyclic fed batch, and 
variable volume chemostat culture was of 13 litre capacity and working volume 
o f 10 litres. A  2.5 litre Braun Biostat MD bioreactor was used for chemostat 
culture. Both bioreactors were o f sim ilar configuration with an aspect ratio of 
2:1.
Dissolved oxygen tension was measured using an Ingold polarographic oxygen 
electrode and pH using an Ingold pH probe. Temperature was controlled using 
the Braun PT100 temperature indicator and a PD I system for heating and 
cooling. Culture conditions were controlled at temperature 30°C, pH 7.0, D O T 
80%, stirrer 1000 lpm  (S . e r y t h r a e a )  or 500 ipm  (A . o r ie n t a l is ) , ah' flow  was 
regulated at 2 1/min. Foaming in the bioreactors was controlled by the use of 
Breox FM T30 antifoam added to the medium before inoculation at a 
concentration of 0.5g/l
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2 .3 .1  B a tc h  C u ltu re
L-series medium was used to grow both S a c c h a r o p o ly s p o r a  e r y t h r a e a  and 
A m y c o la t o p s i s  o r ie n t a l i s  in  batch culture. A  5% v/v culture inoculum  from 
shake flasks was used to inoculate the bioreactor.
2 .3 .2  C y c lic  F e d  B a tc h  C u ltu re
L-series medium was used in  cyclic fed batch culture to grow both organisms. 
An in itia l volume o f medium was inoculated with a 5% v/v shake flask culture 
and allowed to grow in the bioreactor for 24 hours. A  20 1 feed vessel 
containing L-series medium was attached to the bioreactor via a Braun FE211 
dosing pump with a pre-set flow  rate. The dosing pump operated w ithin the 
flow  rate range o f 0 to 20 ml/min with an accuracy of <+/** 5%. After 24 horns 
o f batch growth the piston pump was switched on and the bioreactor allowed to 
slow ly f ill to a maximum volume. On reaching the maximum volume, a timer 
switch attached to a W atson-Mailow 503U peristaltic pump was autom atically 
switched on and the culture allowed to empty into a harvest tank until the 
culture level dropped to the in itia l volume. The in itial volume was maintained 
by the use o f a level dip tube which prevented the culture leaving the bioreactor 
below a set volume. The feed was uninterrupted during the emptying and 
culture growth allowed to proceed.
2 .3 .3  C h e m o sta t C u ltu re
Chemostat cultivations were carried out on L-series medium under conditions 
as described in  batch culture and C FB C  above. Flow  of feed medium into the
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bioreactor was controlled via a pump and the constant volume in  the bioreactor 
maintained using a level dip tube. Steady state was assumed after four volume 
changes before sampling commenced.
2 .3 .4  V a ria b le  V o lu m e  C h e m o stat C u ltu re
Variable volume chemostat cultures were carried out in L-series medium under 
conditions described for batch, C FB C  and chemostat culture. A s for C FB C , an 
in itia l volume of medium was inoculated with 5%v/v shake flask culture and 
allowed to grow for 24 hours in  batch phase before switching on the dosing 
pump. The Braun M FCS computer control system allowed a constant dilution 
rate to exist in the bioreactor by increasing the flow  rate o f the feed 
exponentially. Algorithm s were entered into the computer control system which 
allowed the exponential increase in flow  rate o f the feed, a constant dilution 
rate and hence exponential increase in culture volume. On reaching the 
maximum volume in the bioreactor the Watson Marlow 503U pump was 
switched on automatically and the vessel emptied into a harvest tank.
2 . 4  Culture Parameter Determinations
2 .4 .1  C e ll D ry  W e ig h t D e te rm in a tio n
Biom ass determinations were carried out in  triplicate by a vacuum filtration 
method. Gelman 0.45pm cellulose acetate filters were dried in  a microwave 
oven (600W ) for six minutes at power level nine and allowed to cool in  a 
desiccator for 24 hour s. The filters were then weighed and a sample o f culture 
(5m l) filtered under vacuum onto the filter. The filter paper with sample was
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dried in  the microwave oven for six minutes at power level nine and placed in  a 
desiccator for 24 hours. The filter with biomass was weighed and the weight of 
the filter paper previously weighed was subtracted to give the cell dry weight.
2.4 .2  S p e c if ic  G ro w th  R a te  (McDermott e t  a l . ,  1993)
The specific growth rate was calculated by the method o f McDermott et a l.  
(1993) using a partial cubic spline to fit the data. The rate o f change of 
biomass was calculated from the fitted curve using a computer program 
developed in the laboratory. Specific growth rates were determined by 
m ultiplying the inverse o f the biomass concentration by the rate o f change of 
biomass at a given time. Consequently a more accurate measurement of growth 
rate in  batch culture was realised than that obtained when natural log are 
calculated.
2 .4 .3  B io a s s a y  F o r A n tib io t ic
Samples o f culture were prepared for antibiotic determination by centrifugation 
at 3000rpm for 10 minutes. The supernatant was placed in microfuge tubes and 
stored at -20°C . Erythrom ycin and vancomycin antibiotic concentrations were 
determined by a bioassay method. The test organism, A t h r o b a c t e r  c i t r io u s ,  was 
grown in 25ml of nutrient broth in  a 250ml baffled flask for 24 horns at 30°C. 
A  5ml inoculum was used in 250mls of molten nutrient agar at 45°C  and the 
agar poured into a bioassay plate. The agar was allowed to so lid ify and the 
surface moisture evaporated in  a laminar flow cabinet. On solidification 36 
w ells were punched into the agar using a vacuum pump attached to a hole 
borer. Standard concentrations 10, 20, 40, 60, 80, and lOOgg/ml were made
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from Sigm a dry powder preparations for both antibiotics and lOOpl volumes 
placed in  the w ells in  triplicate.
The samples were allowed to defrost at room temperature and diluted if  
necessary to w ithin the standard concentration range. lOOpl o f samples were 
placed in  the w ells in  triplicate. The bioassay plate was incubated at 30°C  for 
48 horns and at room temperature for a further 24 horns. Zone diameters were 
measured for the standards and a plot of log antibiotic concentr ation versus 
zone diameter produced a straight line. Concentrations of antibiotic contained 
in  the samples were determined by incorporating the zone diameter value into 
the equation for die straight line and calculating the inverse log. Final 
concentrations were obtained by m ultiplying by the dilution factor.
Confirm ation o f the antibiotic, erythromycin, was achieved by high 
performance liquid chromatography (hplc). A  Shandon H ypersil C18 B D S 
column was used with a Spectra Physics SP8800 hplc system. The mobile 
phase consisted o f acetonitrile, methanol, 0.2M ammonium acetate and water 
(25:10:10:50) and was de-gassed in a sonic bath for 30 minutes. The 
attenuation was set to 2048 and the flow rate of the mobile phase set at 
O.lrnl/m in. Sigm a erythromycin standard was used and a peak obtained at 3.00
minutes for both the standard and sample. A  peak was detected at high
6n W
concentrations of erythromycin^ana, therefore, the hplc technique was not used 
for quantitative analysis o f the samples.
2.4 .4  G lu c o se  A s s a y  (Trinder, 1969)
The Sigm a glucose assay kit was used to determine glucose concentrations in 
the culture broth. The Trinder method involves the enzymic conversion of 
glucose to gluconic acid and hydrogen peroxide. The hydrogen peroxide
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liberated is then converted to quinoneimine dye by the enzym ic action of 
peroxidase, which is measured spectrophotometrically.
glucose oxidase 
glucose +H 20  + 0 2 — T  gluconic acid + H 20 2
H 20 2 + 4-aminoantipyrene + p-hydroxybenzene sulphonate
peroxictose
— a  quinoneimine dye + H 20
Standard preparations were made from Sigm a 1000pg/ml stock glucose solution 
and diluted to concentrations of 750, 600, 450, 300, 150, and 0pg/ml. 50pl of 
the standards were placed into cuvettes. Frozen samples of supernatant were 
defrosted at room temperature and diluted to within the standard concentration 
range. 50pl o f the samples were placed into cuvettes. A  via l o f Sigm a glucose 
assay reagent was dissolved in 100ml of water and 1.5ml of the reagent added 
to the cuvettes containing the standards and the samples. The cuvettes were 
allowed to stand for 20 minutes at room temperature before measuring the 
absorbance on a spectrophotometer at wavelength 505nm. A  plot o f absorbance 
versus glucose concentrations of the standards provided a str aight line. Sample 
glucose concentr ations were calculated from the equation o f the str aight line.
2 .4 .5  N itra te  A s s a y  (Beutler and Wurst, 1986)
The Boehringer Mannheim nitrate assay kit was used to determine nitrate 
concentr ations in  the culture broth. Residual nitrate is reduced by nicotinamide 
adenine dinucleotide phosphate (N AD P+) to nitrite in  the presence o f the
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enzyme nitrate reductase. The decrease in N AD PH  was measured 
spectrophotometrically.
nitrate reductase
Nitrate +  N AD PH  + H + — >  N itrite + N A D P+ + H 20
To a mixture of 0.1ml sample and 2.9ml o f N AD PH  solution and to 3ml of 
N A D PH  solution blank was added 0.05ml of nitrate reductase. These solutions 
were allowed to react for 40 minutes exactly before reading the absorbance at 
340nm. A  second absorbance reading at 340mn was earned out after a further 
20 minutes. Nitr ate concentration was calculated from
c =  (1.891/s) x  AA
where
c =  nitrate concentr ation 
s =  absoiption coefficient of N AD PH  
AA =  sample absoiption - blank absoiption
2 .4 .6  P ro te in  S y n th e sis  R a te  D e te rm in a tio n  (R o jian i e t  a l ., 1979)
A  stock solution o f radiolabelled leucine was prepared by diluting 25ul of 
luC i/m l tritium  labelled leucine into 1ml Of 1.2mmol 'cold' leucine. 90ul o f the 
solution was added to 25ml fresh culture in  a shake flask and incubated for 30 
minutes at 30°C  in a rotary water bath. Throughout the 30 minutes 1 m l 
samples were taken at 5 minute intervals and placed in  5ml o f 10% tri-chloro 
acetic acid at 4 °C . The chilled samples in tri-chloro acetic acid were filtered 
under vacuum onto glass fibre filter papers after 30 minutes at 4 °C  then washed
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through with three 5ml volumes of 5% tri-chloro acetic acid. The filter papers 
with filtered sample were placed into a scintillation vial and allowed to dry for 
24 hours. 4ml of OptiPhase "Safe" scintillation fluid, L K B  Scintillation 
Products, was added to the vials which were capped and shaken. The vials were 
placed in  a W allac 1410 scintillation counter on the "Easy Count" progr am and 
the counts per minute measured. The rate o f change of protein synthesis was 
calculated from the line obtained from radiolabelled leucine content versus 
time.
2,4.7 T o ta l P ro te in  D e te rm in a tio n  (Lowry, 1951)
Total protein concentration was calculated by the method of Low ry. Reagents 
A  was made as shown below
Table 5: Reagent A
Na^CQ. 20g/l
N a,K  tartrate 0.5g/l
NaOH 4g/l
The Low ry reagent was made from lOOmls of 4.5mM C u S0 4.5H20  added to 
900mls o f reagent A . Fo lin  and Ciocalteau reagent (Sigm a) was diluted 1:1 with 
reverse osmosis water. Standard solutions were made from a stock solution of 
lm g/m l B SA  within the range of 0 to lOOpg/ml. Into a test-tube was placed 
200pl sample or 200pl standard protein solutions and 3mls o f Lo w ry reagent
V/
added, the solutions being immediately mixed. 0.3mls of diluted Fo lin  and 
Ciocalteau reagent was added to each tube and mixed then left for 30 minutes. 
Absorbances of the resulting solutions were read at a wavelength o f 750nm. A
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standard curve of protein concentration versus wavelength was drawn and 
sample concentr ation obtained fr om the standar d curve
2.4.7  R ib o n u c le ic  A c id  D e te rm in a tio n  (Webb aid Levy, 1958)
Ribonucleic acid was determined by the method o f Webb and Levy. To 1ml of 
whole broth was added 2mls of 5% trichloro acetic acid/4mM E D T A  solution. 
The mixture was incubated for 30 minutes at room temperature then 
centrifuged at 1720g for 20 minutes. The supernatant was then decanted o ff and 
the pellet resuspended in  1ml of 5mM NaOH. To this solution was added 1ml 
o f 0.66M perchloric acid, ensuring the suspension of the pellet. The suspension 
was incubated at 90°C for 30 minutes then centrifuged at 1720g for 20 minutes. 
2mls o f the supernatant w e r t  removed and added to 2mls of orcinol reagent 
(10m l o f 1% orcinol and 40mls of 0.1% FeC l3 in  cH C L). Standard solutions 
were made from R N A  (Sigm a) within the range of 0 to 500mg/ml and the 
orcinol reagent added to each. The solutions were heated to 100°C for 15 
minutes then allowed to cool to room temperature before addition o f 11ml o f n~ 
butanol. The absorbance was read at 640nm and sample concentrations 
determined from a standar d cmve of RN A  concentration versus wavelength.
2.4.8  M o rp h o lo g y  A n a ly s is  (Packer.and Thomas, 1988)
Samples o f S . e r y t h r a e a  were taken for morphological analysis and diluted 20jui 
culture into 1ml reverse osmosis water. Microscope slides were cleaned by 
flam ing in  a Bunsen burner to remove excess grease and particulate material. 
40jll1 o f diluted culture was smeared over the cleaned microscope slide using 
the side o f a clean lOOpl pipette tip and allowed to dry. The organism was
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stained using methylene blue and the stain allowed to dry before observing 
under a microscope.
2 . 5  Statistical Analysis
A ll sample points were measured in triplicate and the standard deviation 
determined using the equation
s = V s (y i -ya)2/ n -l
where
s - standard deviation 
y i - sample 
y2 - sample mean 
n - number of samples
Standar d deviation between triplicate samples for one sample point were found 
to be less than +/-2%  for each data point shown in  this thesis.
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3 . 1  Introducing Cyclic Fed Batch Culture
Fed batch culture was recognised in  the early 1900's as a method o f avoiding 
oxygen lim itation during cultivation of micro-organisms (W hitaker, 1980). A  
slow feed into a bioreactor containing a volume of culture provided a reduction
in the growth rate of the organism, preventing anaerobic conditions arisingb .
w hilst retaining culture viab ility (W hij^ker, 1980). In  1974 Put outlined the
kinetics o f fed batch culture and in  1975 intr oduced an advanced method o f fed
batch culture, the cyclic fed batch culture. This culture technique provided a
means o f m aintaining the fed batch system indefinitely by removal o f a portion
o f culture from the vessel on reaching maximum capacity (Put, 1975). The
remaining volume of culture in the vessel provided an inoculum  for the
proceeding cycle, elim inating any lag phase associated with inoculation. This
semi-continuous culture method provided nutritional perturbations in  the vessel
since the flow  remained constant w hilst the volume and hence total biomass
increased resulting in a constant down regulation of growth rate and dilution
rate. Biom ass concentrations remained constant throughout and a ‘quasi steady-
state’ was demonstrated to exist in cyclic fed batch culture with the dilution
rate and growth rate equivalent and constantly decreasing (Pirt 1975). Put
(1979) suggested that the constant decrease in growth rate throughout each
cycle may stimulate an excess o f product formation in the production of
antibiotics.
3 .1 .1  S e ttin g  U p  a C F B C
C yclic fed batch culture (C FB C ) was set up using an in itial volume o f culture 
(V int) in  the vessel inoculated with an organism and allowed to grow for a 
period o f time. Initiation o f the pump with pre-set flow rate (F ) followed the 
batch period o f growth in a medium containing a growth lim iting substr ate with
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a ll other nutrients in  excess. The flow into the vessel allowed the continuation 
o f growth below the maximum growth rate of the organism according to the 
equation for dilution rate (D =F/V) since the growth rate and the dilution rate 
are equivalent in C FB C . As the volume in the vessel increased the growth rate 
decreased until the maximum volume was reached (V max). A  portion o f the 
culture was rapidly removed from the vessel by a second pump until the 
starting volume o f cultur e (V int) was attained. After a number o f cycles o f the 
‘f ill and draw’ method a quasi steady-state was reached where the biomass 
concentration remained constant throughout. A  diagrammatical representation 
o f a C FB C  is shown in figur e 2 depicting a progression through one cycle of 
the C FB C . At cycle time 0 hours die in itial volume of culture V int was fed 
with a substrate from a feed tank until the volume reached a maximum at time t 
hour s. A t the maximum volume V max a timer switch attached to a harvest pump 
initiates the pump and empties the vessel into a harvest tank until the in itia l 
volume is reached in  the vessel at time tf.
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cycle.
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T h e  C F B C  system  operated fo r this p ro ject is show n b e lo w  in  fig u re  3.
Figure 3. Laboratory bioreactor configuration
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3 .1 .2  Q u a si S te a d y  State
A  quasi steady state was first described by Put (1974) in  connection with fed 
batch and cyclic fed batch culture of micro organisms. In  cyclic fed batch 
culture a volume of culture is fed with a medium at a flow  rate F  and the 
volume V  increases until it reaches a maximum. The biomass concentration can 
be described as x=X /V  at time t. Differentiating gives the growth rate
±=(v.—  -x.— yv2
dt dt dt
where x  is the biomass concentration (g/1), X  is the total biomass (g), V  is the 
volume and t is time.
Substituting for —  =p X, X = xV , —  =F, and — =D , where p is the growth 
dt dt V
rate, F  is the flow  rate and D is the dilution rate, gives
dx
dt
dx
dt
dx
dt
=(V|+X-XF )/y2
=jUx-Dx
=(H -D )x
The biomass concentration remains constant throughout hence ji=D . In 
chemostat culture p=D also applies, the difference between chemostat culture 
and cyclic fed batch culture is that the growth rate is constantly decreasing in  a 
C FB C .
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3 . 1 . 3  D i l u t i o n  R a t e
The dilution rate in C FB C  can be calculated from the flow  rate F  and the 
volume V t at time t
The growth rate can be calculated in a C FB C  by including volume changes 
with time. In  batch culture gr owth rate is calculated from
In  a C FB C  the growth rate is controlled by the volume of culture in  tire vessel 
since the growth lim iting substrate concentration and hence biomass 
concentr ation remains constant. The total biomass in the vessel increases as the 
volume increases since X = xV  hence the equation for growth rate in C FB C  can 
be written as:
Dt=F/Vt
and since V t= (V INT+F.t), where V INT is the in itial volume, then
(3 .1 .1 )
D t=F/(V INT+F.t)
3 .1 .4  G ro w th  R a te
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For infinitesim ally small time changes t and substituting for X t= xt.Vt the 
equation for growth rate can be written as
(3.1.2)
The equation for growth rate and dilution rate in C FB C  allows the calculation 
o f these values on line in real time. For the calculation o f gr owth rate an on 
line measurement o f biomass is required such as optical density measur ement, a 
mass balance on carbon dioxide evolution rate or biomass measurement by a 
biomass probe (Clarke e t a l , 1986).
3 .1 .5  S p e c if ic  P ro d u ctio n  R a te : a C o m p le x  F u n c tio n  o f G ro w th  
R a te
Put (1974) surmised that product formation in  C FB C  varies as a complex 
function o f growth rate. For the calculation o f total product produced w ithin a 
sm all time interval dt we can write
dP=qp(t).X.dt
where P is the total product and qp is the specific production rate.
Substituting X  =  xV  = x (V INT+Ft) gives
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d P = q p ( t ) .x (V INT+ F t).d t
T h e  to ta l am ount o f  product fo rm ed  in  tim e  t  w i l l  be
fJop-po = x J Q qpft).(V INT'iFt)dt
Substituting for pV=P and poV int=Pq gives
j '’ JoP=(PoV1NT/V)+(x/V). J fl qp(t)(V ,NT+Ft).dt
The concentration of product at any time during a cycle in a C FB C  can be 
calculated for a constant cycle time tc. A  portion of culture y remains from the 
previous cycle with the volume V = yV max, hence
jJcPc=YPof“ + +  Jo qp(t)(YV+Ft).dt
Product concentr ation at the end of a cycle of C FB C  can be calculated from:
(3.2.1)
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3 . 2  Kinetics
S a c c h a r o p o l y s p o r a  e r y t h r a e a
Secondary metabolite formation can occur either during rapid growth o f an 
organism or at suboptimal growth rates after growth has slowed down (Demain, 
1992). Nutritional factors such as medium com plexity play an important role 
in  the tim ing o f induction of secondary metabolism (V im ^ y, 1982). In  a 
complex medium where rapid growth occurs the growth and production phases 
are clearly separated with production occurring after a decrease in  growth rate. 
In  a chem ically defined medium, which supports slow growth, the two phases 
can overlap either partially or completely (Demain, 1992). Chem ically defined 
medium has been used for study of nutrient effects on product formation 
(McDermott e t  a l . ,  1993; Bushell and Fryday, 1983; L ille y  e t a l . ,  1981). 
D eficiency of one or more growth lim iting nutrients decreases the growth rate 
and can induce product formation. The rate of growth rate decrease and 
subsequent product concentration depend on the growth lim iting nutrients used 
and their concentration (V in irg  1982; McDermott e t a l. ,  1993; Put, 1975). 
McDermott e t a l  (1993) demonstrated the importance o f the growth lim iting 
nutrient on induction of secondary metabolites. Under carbon and phosphate 
lim itations the peaks of specific growth rate and specific production rate were 
separate whereas under nitrate lim itation there was a complete overlap o f the 
two peaks for S . e r y t h r a e a .  An understanding of the relationship between 
growth lim iting nutrient and process kinetics could lead to the design o f cultur e 
systems for the optimisation of secondary metabolite formation. The C FB C  
system forces a continual decrease in growth rate and could therefore be used 
for optim ising production in  an organism whose product is growth dissociated 
(section 3.1.2).
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In  order to determine the growth rate kinetics and specific production rates o f S .  
e r y t h r a e a  for the design of a C FB C  system, shake flask cultures were carried 
out under carbon and nitrogen lim ited conditions. Growth rates and specific 
production rates were obtained from a computer program where a partial cubic 
spline was used to fit curves of both biomass and antibiotic concentrations with 
time. The rate of change of biomass and antibiotic concentration was calculated 
from the fitted curves. Growth rates and specific production rates were 
obtained from the curves at time points (figures 4 and 5).
3 .2 .1  C a rb o n  L im ita tio n
A  partial cubic spline, used to fit a curve to biomass and product concentration 
measurements, was employed to define specific growth rate and specific 
production rate and any correlation between the two. Under carbon lim ited 
conditions antibiotic production increased during growth of the organism and 
maximum antibiotic . . .
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Figu re  4a. Biom ass, erythrom ycin and glucose 
concentration in glucose lim ited shake flask cultures of S .  
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Figu re 4b. Specific growth rate and specific production 
rate of S .  e r y t h r a e a  in glucose lim ited shake flask culture.
production and biomass concentration were found at 55 horns during the 
stationary growth phase. The maximum biomass concentration coincided with 
the depletion o f the growth lim iting nutrient, glucose. Biom ass concentration 
decreased after depletion of glucose (figure 4a). On analysis o f the specific 
growth rate and specific production rate the curves were found to overlap 
although the two peaks were separate. The maximum specific growth rate 
occurred at 20 hours w hilst the maximum specific production rate occurred at
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35 h o rn s  (figure  4b). D esp ite  som e p ro d u ct fo rm ation  occurring  du ring  the 
in crease  in  g row th  ra te  o f  the o rganism  the  m axim um  ra te  o f  p ro duction  
o ccu rred  a fte r g row th  ra te  decline. T he separa tion  o f  peaks o f  g row th  ra te  and  
p ro d u ctio n  ra te  suggests p ro d u ctio n  w as grea test after the  o rgan ism 's g row th  
ra te  h a d  decreased . In  agreem ent w ith  these resu lts M cD erm o tt e t  a l.  (1993) 
fo u n d  p ro d u c t concen tra tion  to  increase  during  g row th  in  b a tch  cu ltu res o f  S. 
e r y th r a e a  u n d e r carbon  lim ited  cond itions although the separ a tion  o f  the  peaks 
fo r  specific  g row th  ra te  and  p roduction  ra te  w as to  a g rea ter ex ten t. M cD erm o tt 
e t  a l.  (1993 ) described  the  k inetics  found  u n d er carbon  lim ita tion  as “ c lassica l 
secondary  m etabo lite  k inetics” also know n  as g row th  d issoc iated  k inetics.
3 .2 .2  N itro g e n  L im ita tio n
U n d e r n itro g en  lim ited  cond itions an tib io tic  p roduction  increased  during  the 
g ro w th  phase  o f  the  organism  in  shake flask  cu lture and  th e  m ax im um  
an tib io tic  p ro d u ctio n  and  b iom ass concen tra tion  w ere  found  a t 60 h ou rs  (figure  
5a). N itra te  dep le ted  a t 40  hours and  b iom ass con tinued  to
in crease  after th is tim e. The con tinua tion  o f  g row th  after d ep le tio n  o f  n itra te  
w as th o u g h t to  occur as a  resu lt o f  excess g lucose w h ich  p ro v id ed  an  energy  
source  fo r  the  con tinua tion  o f  m acrom olecu lar synthesis. N itro g en  source  fo r 
the  con tin u a tio n  o f  g row th  after n itra te  dep le tion  w as though t to  b e  ob tained  
fro m  the  tu rnover o f  n itrogen  w ith in  the  cell. G lucose dep le ted  a t 110 h o rns  
in d ica ted  b y  an  arrow  in  figure  5a  and  co incided  w ith  a  decrease  in  b iom ass 
concen tra tion ..
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Figu re  5a, Biom ass, erythrom ycin and nitrate concentration in 
nitrate lim ited shake flask cultures of S .  e r y t h r a e a . Glucose 
depletion indicated by arrow.
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Figu re  5b. Specific growth rate and specific production rate of 
S .  e r y t h r a e a  in nitrate lim ited shake flask culture.
The maximum specific growth rate and specific production rate in  nitrogen 
lim ited medium occurred simultaneously at 17 horns (figure 5a). The complete 
overlap o f the two peaks in  nitrogen lim ited medium suggest growth rate 
associated kinetics. McDermott e t a l.  (1993) also found growth rate associated 
erythromycin production in  nitrogen lim ited batch culture and T r illi e t  a l.  
(1987) in  chemostat cultures o f S . e r y t h r a e a .
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3 .2 .3  N u trie n t U tilis a t io n
The rate o f assim ilation of growth lim iting nutrient differed for both the carbon 
lim ited culture and the nitrate lim ited culture. The growth lim iting nutrient 
concentration in  nitrate lim ited culture was assimilated at a faster rate than the 
carbon lim ited culture. Nitrate concentration decreased by 80% w ithin 17 hours 
o f the culture age compared with a decrease of only 5%  o f glucose 
concentration within 20 hours of the culture age. One suggestion for the rapid 
utilisation o f nitrate is the necessity for a supply of nitrogen for the 
biosynthesis o f proteins for growth and maintenance of the organism. N itr ogen 
directly affects the supply of amino acids to sustain protein synthesis and a 
deficiency of amino acids can lead to a shutdown of a wide range o f activities 
by the organism (Lew in, 1986; Strauch e t a l . ,  1991). The shut down results 
from a deficiency of amino acylated tRN A molecules allow ing an uncharged 
tR N A  molecule to enter the A  site of the ribosome and block protein synthesis. 
The result o f this is a build up of nucleotides such as ppGpp and pppGpp and is 
known as the stringent response (Lew in, 1986; Cashell and Rudd, 1987). As a 
consequence of a decrease in protein synthesis rate die growth rate in  
S t r e p t o m y c e s  species has been shown to decrease and coincided with the 
induction o f secondary metabolism (O chi, 1986 and 1987 a,b ; Riesenberg e t  
a l. ,  1984; Strauch e t  a l . ,  1991). The model shown below indicates the direct 
and immediate effect o f nitr ogen on production of secondaiy metabolites.
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Figu re  6. M etabolic regulation of secondary metabolite form ation in carbon 
and nitrogen lim ited media.
In  contrast, carbon lim itation is thought to indirectly affect protein synthesis 
rate by providing energy to drive the system. Carbon sources are used w ithin 
the cell for the generation o f the energy releasing source A TP  that allows 
energy for growth and maintenance o f the organism. The glucose molecules are 
oxidised w ithin the citric acid cycle into carbon dioxide and A TP  that releases 
energy for the continuation o f such processes as macromolecular synthesis 
(Shyer, 1975). A  measurement o f the energy status o f the cell is the energy 
charge o f a system (Atkinson, 1969), Curdova e t  a l. (1976) found a decrease in  
energy charge during exponential growth in  S . a u r e o f a c ie n s  which coincided 
with an increase in  antibiotic concentration. Energy charge has also been 
identified as possibly effecting antibiotic production in other actinomyces
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(M artin, 1977). It would appeal* therefore that protein synthesis rate would 
decrease follow ing a decrease in energy charge rather than a direct 
consequence of glucose concentration decrease
The rapid utilisation of nitrate in nitrogen lim ited medium for the synthesis of 
amino acids and consequently protein synthesis may have resulted in  an early 
decrease in  the rate o f protein synthesis followed by induction o f secondary 
metabolism. Perhaps then a more useful indication of the physiological state of 
the organism would be the determination of protein synthesis rates rather than 
growth rate since growth rate has been calculated from biomass readings and 
not considered viab ility o f the cells. W ork carried out in the m icrobial 
physiology laboratory has shown a decrease in  protein synthesis rate as early as 
10 horns o f culture age occurs in nitrogen lim ited batch cultures o f S . e r y t h r a e a  
and before exponential growth of the organism (W ilson and Bushell, 1995). An 
increase in erythromycin production occurred after 10 hours of culture growth, 
follow ing the decrease in protein synthesis rate. Although growth rates were 
not calculated for this experiment it was assumed that the maximum growth 
rate had not been reached at the time of protein synthesis decrease and 
induction of secondary metabolism since these observations occurred pre- 
exponential growth.
In  the glucose lim ited medium utilisation of glucose appealed to release 
sufficient energy to sustain growth at a low uptake rate o f glucose. Protein 
synthesis machinery appeared to have access to sufficient nitrogen for amino 
acid synthesis and sufficient energy to drive the process. On depletion o f the 
carbon source the energy required to drive protein synthesis was thought to 
have decreased and may have resulted in  a decrease in protein synthesis rate. 
The indirect effect on protein synthesis by the carbon source may have resulted 
in  delayed protein synthesis decrease and hence delayed secondary metabolite 
induction. In  carbon lim ited batch culture W ilson and Bushell (1995) observed
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a protein synthesis decrease before erythromycin was detected. Protein 
synthesis decline occurred at a later stage in  the cultivation than with nitrate 
lim ited medium.
It was found that under carbon lim ited conditions production was more growth 
rate dissociated than under nitrogen lim ited conditions, as can be seen in  
figures 4a and b, and 5 a and b. It was felt that the production kinetics in  carbon 
lim ited medium were more typical of secondary metabolite kinetics reported for 
antibiotic production in  the literature and it was therefore decided to proceed 
with this medium for the C FB C  experiments
3 .2 .3  C a rb o n  L im ite d  C F B C
A  cyclic fed batch culture was in itia lly  carried out with the organism S .  
e r y t h r a e a  using carbon lim ited medium since this system in batch culture 
provided growth rate dissociated kinetics. In  C FB C  of S . e r y t h r a e a  in  carbon 
lim ited medium the growth rate was continually down regulated over a series of 
ten cycles (figure 6). A  24 horn* batch phase of growth for the in itia l inoculum 
was allowed before the flow was initiated and a cycle time o f 20 hours 
provided a growth rate range 0.06h'1 - 0.027b'1. The vertical dotted lines show 
the residual error lines between the data points and the linear* regression lines 
for erythromycin concentration (which shows a gradual increase) and biomass 
concentr ation (which remained vir tually constant)
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Figu re  7. Biom ass and erythrom ycin concentration in C F B C  w ith a 
constant down regulation of growth rate over a period of ten 
cycles. Biom ass, A ; erythrom ycin, □; dilution rate,— .
0.05
0.02(*r
Time (h)
Glucose became depleted after 74 horns where the biomass concentration 
reached a maximum. On reaching a maximum the biomass concentration 
remained constant throughout the C FB C  and it was assumed that a quasi 
steady-state was reached. Erythrom ycin concentration increased with 
increasing cycle number.
3 . 3  Flow induction
Aligm nent of growth rate and dilution rate in cyclic fed batch culture is 
desirable on initiation of the flow  to the bioreactor for a quasi steady-state to be 
reached rapidly (Yamane e t  a l. ,  1979). Such an alignment would be possible 
with the use of on-line biomass measurements for the determination o f gr owth 
rates. In  the absence o f on-line growth rate determinations flow  initiation was 
consistently carried out for each C FB C  after a set period o f batch growth time. 
M isalignm ent of the growth rate and dilution rate has been reported to result in  
extensive cultur e time in  start up regimes for the tr ansition from batch culture
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to chemostat culture (Yamane et al., 1979; Yoshida and Yamane, 1974). The 
effect o f misalignment on productivity remains unknown although nutritional 
shift up has been shown to cause metabolic disturbances (Koch, 1971). The 
effect o f tim ing of flow  initiation on alignment and productivity has been tested 
in the follow ing experiment for the optimisation of the C FB C  system. The 
C FB C  culture shown in figure 8a) and b), employing "late" flow  initiation at 55 
hours and figure 9a) and b), "early" flow initiation at 24 hours demonstrate the 
importance o f tim ing o f flow  initiation. Growth rates were determined in  both 
cultures from partial cubic spline fitting by the method o f McDermott e t a l
(1993). Growth rate increased during the first 35 hours of batch growth in  Tate’ 
flow  carbon lim ited culture. Follow ing a decrease in growth rate in  the batch 
phase the flow  was initiated at 50 hours. Flow  initiated after the maximum 
growth rate has been reached in  the batch phase resulted in a slow increase in  
biomass up to a maximum. Glucose became depleted at 119 horns where the 
maximum biomass was reached. It was thought that the slow utilisation of 
glucose was due to the decrease in  viab ility of the cells follow ing flow  
initiation and metabolic disturbances due to the shift up in nutrient availability 
post maxhnum specific growth rate.
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Figu re  8b) Biom ass and erythrom ycin concentration in ‘La te ’ 
flow initiation of C F B C  feed after maximum growth rate has 
been reached in batch phase of growth for S .  e r y t h r a e a ._____
Figu re  8a) Biom ass and specific growth rate in ‘La te 5 flow 
in itiation of C F B C  feed after maximum growth rate has been 
reached in batch phase of growth for S .  e r y t h r a e a .
In  the ‘early’ flow  initiation C FB C  biomass increased before initiation of the 
feed, however the maximum growth rate had not been reached. Flow  initiation 
before maximum growth rate was reached in batch phase led to a rapid increase 
in  biomass (figure 9a) with subsequent increase in productivity with increasing
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cycles. Glucose became depleted after 74 hours when maximum biomass was 
reached.
Figu re  9a) Biom ass and specific growth rate in ‘E a rly ’ flow 
in itiation of C F B C  feed before maximum growth rate has 
been reached in batch phase of growth S .  e r y t h r a e a .
Figu re 9b) Biom ass and erythrom ycin concentration in 
‘E a rly ’ flow initiation of C F B C  feed before maximum 
growth rate has been reached in batch phase of growth for 
S .  e r y t h r a e a .
Productivity was highest in ‘early’ flow  initiation with 70mg/l erythromycin 
obtained compared to a maximum of 30mg/l erythromycin in  ‘late* flow  
initiation in C FB C . Initiation of the substrate feed before reaching maximum 
growth rate in  the batch phase of growth is required for optimal conditions for
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production. On-line measurements of biomass would allow the determination 
o f growth rate for the exact alignment of dilution rate and growth rate on feed 
initiation in  C FB C .
3 . 4  Conclusions
C yclic fed batch culture provides a system of controlling the growth rate of an 
organism, differing from chemostat culture in that the growth rate does not 
remain constant (Put, 1974). This culture technique allows the m anipulation of 
growth rate o f the organism for optimal production investigations. The simplest 
C FB C  involves the use of a constant feed rate, providing an asymptotic 
decrease in  growth rate sim ilar to the growth rates decline found at the end of a 
batch culture. Secondaiy metabolite formation associates with a decrease in 
growth rate during the latter stages of batch culture and the C FB C  system 
continuously m im ics this phase (McDermott e t a l ., 1993). Com plex growth 
rate profiles require the use of a profiled feed that could be used to investigate 
the optimal profile for secondaiy metabolite production in  a system. These 
complex profiles would allow manipulation of growth rate not only to optimise 
conditions for growth dissociated products as used for this investigation, but 
also for growth associated products since growth rate could be up regulated.
Flow  initiation is an important factor to consider in C FB C . Delays in  initiation 
o f feed to the system can lead to mis-alignment of growth rate and dilution rate 
in  a 'quasi steady-state' with a subsequent decrease in  productivity in C FB C . 
The use o f an on line measurement of biomass would provide exact growth rate 
measurements by incorporation of these values into the algorithms shown in 
section 3,2.2. These algorithms provide values for growth rate in  both the batch 
and the feed phase o f the system. In  the batch phase o f growth, post 
inoculation, on-line growth rate measurements would allow investigation and
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o p tim isa tion  o f  f lo w  in itia tion . In  the  feed  phase on-line  g ro w th  rate  
m easu rem en ts  w o u ld  a llow  fu rther in sigh t in to  the  physio logy  o f  the  o rgan ism  
allow ing  th e  feed  to  be  p ro filed  th roughou t the  cu lture to  accom m odate  the 
o rgan ism  fo r  op tim al p roduction .
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4 . 5  Conclusions
4 . 1  I n t r o d u c t i o n
Pirt (1974), in  his summary on cyclic fed batch culture, surmised that the 
process was most applicable for the optimisation of production o f secondary 
metabolites. Despite this recommendation alternative uses for the process have 
been found w hilst cyclic fed batch culture has remained relatively unexploited 
for secondary metabolites production. Other uses of C FB C  include such 
processes as the production of high cell concentrations in  cultures of 
S a c c h a r o m y c e s  c e r e v is a e  (M ori e t  a l ,  1983; A iba e t  a l ,  1976; Kalogerakis and 
Boyle, 1981) and more recently for plasmid stability in  E s c h e r ic h ia  c o l i  
(Curless e t  a l ,  1991; Ram irez e t  a l, 1994).
Possibly the most comprehensive reported study to date of an adapted method 
o f cyclic fed batch culture for antibiotic production was conducted by Vu- 
Trong, Gray and Bhuwapathanapun (Gray and Bhuwapathanapun, 1980; Vu- 
Trong et al., 1980; Bhuwapathanapun and Gray, 1981; Vu-Trong and Gray, 
1982a, b and c; Vu-Trong and Gray, 1984; Gray and Vu-Trong, 1987a and b; 
Vu-Trong and Gray, 1986). Their definition o f cyclic fed batch culture differs 
from that o f P irt (1974) having been adapted to increase antibiotic productivity 
in  cultures o f S tr e p to m y c e s  f r a d ia e .  The cyclic fed batch system described by 
Vu-Trong and Gray (1982) used an incomplete feed containing glucose and 
monosodium glutamate which were fed simultaneously in  short discontinued 
dischar ges for a set period o f time using a microprocessor to control the feed in  
the cyclic square wave profiles. Methyloleate, used as a second carbon source, 
was present in  excess in  both batch and feed phase o f the C FB C . The culture 
was dual lim ited in  both glucose and nitrogen which depleted w ithin 24 horns 
and 48 hours o f batch culture respectively. The feed additions allowed the 
continuation o f rapid growth in  the feed phase, supplying a nitrogen source 
with each addition and a readily assimilated carbon source. U tilisation o f 
methyloleate occurred in the feed phase follow ing depletion o f glucose and
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glutamate. Although not fu lly  discussed in the publications it is thought that the 
feed additions increased the growth rate o f the organism in itia lly  on supply 
since the organism had access to the rapidly metabolised carbon source and to a 
nitrogen source. As the culture progressed, utilisation o f these nutrients would 
have resulted in  a decrease in  growth rate. On depletion o f the glucose the 
organism would have utilised the second carbon sour ce, methyloleate, resulting 
in  further growth rate decrease since this carbon source was metabolised at a 
slower rate (Gray and Bhuwapathanapun, 1980). After a period o f gr owth rate 
decline a further feed discharge would restore the growth rate to its higher 
starting value. This modified process was more complex than that described by 
Pirt (1974) although it is thought that sim ilar nutritional perturbations would be 
forced on the organism by both methods o f C FB C , hence the stim ulation of 
tylosin production. In  a comparison o f batch cultures, fed batch and cyclic fed 
batch cultures of S t r e p t o m y c e s  f r a d i a e  reported in  the aforementioned 
publications a 114% increase in  the amount of tylosin produced in  batch culture 
was obtained using cyclic fed batch culture. Gray and Vu-Trong (1986) 
demonstrated that using a continuous flow  rate in  the cyclic fed batch culture 
produced an increase of 52% o f tylosin than obtained in  batch culture.
4 . 2  Cyclic Fed Batch Culture Versus Batch Culture
4 .2 .1  S a c c h a r o p o l y s p o r a  e r y t h r a e a
Batch culture has been described in  the literature more than any other culture 
method for the production o f secondary metabolites. The one distinctive 
disadvantage associated with this culture method is the constantly changing 
conditions in  the bioreactor preventing the accurate study o f metabolic 
regulation. C yclic fed batch culture, however, can be used to control conditions
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in  the bioreactor and provide an improved system for studying metabolic 
regulation. Additionally, the C FB C  method o f cultivation is associated with 
higher productivities than batch culture and conditions in the bioreactor can be 
altered for product optimisation.
A  C FB C  was carried out with dilution rate range 0.025IY1 -0.01 lh '1 over a 
period o f 120 hours (Figure 10a). Maximum biomass was reached at 35 hours 
and remained constant from 68 hours until 120 hours where it was assumed that 
a steady state had been reached. Erythrom ycin productivity increased until 60 
hours where productivity appeared to remain constant.
A  comparison of batch culture and C FB C  was carried out under carbon lim ited 
conditions in  cultures of S a c c h a r o p o ly s p o r a  e r y t h r a e a . One cycle o f the C FB C  
with dilution rate range 0.025h- 1-0.0 llh ”l was used for the comparison of 
productivity with batch culture (Figure 10b). The cycle chosen was the first 
cycle o f the C FB C  on reaching maximum biomass and achieving a quasi 
steady-state after 60 horns o f culture time. Production was higher in  C FB C  
culture for S a c c h a r o p o ly s p o r a  e r y t h r a e a  than found in batch culture. 
Furthermore the C FB C  system would presumably continually produce 
approximately 60mg/l of product after 120 hours compared with a final 
concentration of 40mg/l erythromycin in batch culture.
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Figu re  10a. Biom ass and erythrom ycin concentration in C F B C  of 
S .  e r y t h r a e a  w ith growth rate range 0.025h“1-0.011h'1.
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Figu re  10b. Biom ass and erythrom ycin concentration in one cycle 
of C F B C  and batch culture of S .  e r y t h r a e a . (C F B C  growth rate 
range 0.025h~1-0.011h"1.)
It could be argued that for compatibility of results a comparison of cyclic batch 
culture with CFBC would be more appropriate than a simple batch culture 
method. Cyclic batch culture as described by Dunn et al. (1979) allows the
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extension o f batch culture over a series o f cycles. C yclic batch culture differs 
from cyclic fed batch culture in that on removal of a culture portion the 
bioreactor is immediately filled  to a maximum with fresh medium. 
Subsequently the biomass concentration is diluted on fillin g  and changes 
throughout. Hence growth rate cannot be controlled. Presumably the 
productivity could not exceed that o f the batch cultur e for an organism whose 
product was growth dissociated since the growth rate would increase on fillin g  
the bioreactor with medium. Although a sudden increase in  growth rate occurs 
in  C FB C  at the start o f the cycle this is immediately followed by a controlled 
decrease in  growth rate. Hence cyclic batch culture would require a longer 
period o f utilisation o f the growth lim iting substrate than C FB C  before a 
decrease in  growth rate occurred. Dunn e t a l. (1979) discussed the productivity 
o f cyclic batch, chemostat and C FB C  cultures using computer sim ulations of 
the three processes. They surmised that although productivity would be highest 
in  chemostat culture, certain kinetic forms would produce higher productivities 
with C FB C  than with cyclic batch culture. Guthke and Knorre (1982) in  their 
model o f cyclic batch culture and chemostat culture recognised higher 
productivity in  cyclic batch. They suggest investigation into the use o f cyclic 
fed batch culture for systems where specific production rate is an increasing 
function o f low substrate concentrations. In  both publications the authors 
indicated that the use of C FB C  may increase productivity over cyclic batch for 
organisms whose product is growth dissociated. In  contrast Zenaitis and Cooper
(1994) reported on increased tetracycline productivity in  cyclic batch culture 
with S . a u r e o f a c ie n s  to that produced in batch culture. However, the medium 
used in  this study was nitrogen lim ited and was observed to produce the 
antibiotic during active growth o f the organism hence tetracycline production 
was growth associated. This suggests that cyclic batch culture would be an 
unsuitable process for growth dissociated secondary metabolite production. If  
product concentration in  one cycle of a cyclic batch equates to that in  batch
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culture, which presumably it cannot exceed for growth dissociated production, 
then C FB C  would provide higher productivity.
It is suggested that the continual down-regulation o f growth rate in  C FB C  
provided better conditions for secondary metabolite production and as a result 
productivity was higher than batch culture and probably cyclic batch culture.
4 .2 .2  A m y c o l a t o p s i s  o r i e n t a l i s
A  second organism was used for comparison with the results found with S .  
e r y t h r a e a .  The organism A m y c o la t o p s is  o r ie n t a l i s  was chosen for its ability to 
auto fragment in  the bioreactor, appearing as short unbranched units throughout 
the cycle. Using this organism therefore eliminated any potential 
m orphological influence on production (see chapter 7).
In  the C FB C  with dilution rate range 0.025b'1 - 0.01 lh '1 the biomass 
concentration increased up until 60 hours where it remained constant (figure 
I  la ). Vancom ycin was detected at 72 hours and increased until 120 horns. A  
drop in  product concentration occurred at 160 hours and coincided with an 
increase in  biomass. It is unknown why these events occurred at 160 horns. 
Biom ass and vancomycin remained constant after this time.
One cycle o f C FB C  o f A .  o r ie n t a l i s  was used for comparison with batch 
culture under carbon lim ited conditions. The growth rate range for the C FB C  
was 0.025h" 1-0.01 l l r  1 and the first cycle after maximum biomass was reached 
which led to quasi steady-state was used for the comparison (figure 1 lb ). In  
batch culture A . o r ie n t a l i s  was found not to produce antibiotic under carbon 
lim itations. Biom ass concentration reached a maximum o f approximately 5g/l
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for both culture methods. CFBC culture of A. orientalis produced up to 40mg/l 
vancomycin.
Culture Age (h)
Figure 11a. Biomass and vancomycin in CFBC cultures of A. 
orientalis with growth rate range 0.025b1 - 0.01 h'1.
Figure lib . Biomass and vancomycin in one cycle of CFBC and 
batch cultures of A. orientalis. (CFBC growth rate range 0.025h_1 
- 0.01 h-1.) _______________________________________________
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CFBC of S. erythraea increased production over batch culture by down 
regulation of the growth rate. However, the growth rate of A. orientalis 
decreased in batch cultur e towards the latter stages of the cultivation without 
inducing production of vancomycin. Therefore, it was assumed that the 
productivity advantage in CFBC was the result of rate of change of growth rate 
or a particular gr owth rate range and not simply the down regulation of gr owth 
rate.
4.3 Effect Of Growth Rate Range On CFBC
4.3.1 Erythromycin Production
It has been established that CFBC substantially increased production over batch 
culture for S. erythraea with growth rate range 0.025h'1-0.011h'1. The increase 
in productivity was thought to be the result of a continual decrease in growth 
rate. For A. orientalis production did not occur in batch culture but was induced 
in CFBC using the same growth rate range as for S. erythraea. Vu-Trong and 
Gray (1982) found that productivity varied with cycle amplitude and period in 
CFBC of S. fradiae. The amplitude they described as the concentration of 
glucose and glutamate in the feed which they assigned a value between 0.75 to 
1.5. The period was described as the length of time between feed discharges. 
Varying these two variables would have affected the growth rate range that the 
organism would span. Any substrate concentration increase (amplitude) would 
have effectively increased the biomass concentration that would result in an 
equivalent increase in product concentration. Increasing the period between 
discharges would have resulted in a wider range of growth rates being covered 
since the growth rate would decrease for a longer period of time. A period of 
36 hours and amplitude of 1 provided the highest specific production rate and it 
can therefore be assumed that different growth rate ranges stimulated different
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production rates for this organism. An amplitude above 1 may have caused 
catabolite repression in CFBC cultures of S. fradiae resulting in lower 
productivity at higher glucose concentrations. It would appear' therefore that 
different growth rate ranges can be achieved by varying substrate concentration 
(amplitude) or the length of time between feeding (period) as described by Vu- 
Trong and Gray (1982), or alternatively by varying the flow rate or the starting 
volume in a CFBC. A change in flow rate would affect the dilution rate and 
hence growth rate and provide a different growth rate range. A different starting 
volume would also affect the growth rate range since the volume increase 
profile would differ and change the rate of change of growth rate.
A series of experiments was set up to test the hypothesis that the growth rate 
range affects the production of secondaiy metabolite. Growth rate ranges were 
chosen to cover the spectrum of growth rates below the maximum growth rate, 
which was determined from batch fermentation to be 0.12 h-1. The ranges were 
chosen with relation to the bioreactor size (10 litre working volume), minimum 
possible starting volume (4.5 litres) and the possible flow rates by the pump. 
Three CFBC runs with growth rate ranges 0.025h”l - 0.01 lh"l (the low growth 
rate range), 0.06h- l -0.027h“l (the middle growth rate range) and 0.1h"l - 
0.045h"l (the high growth rate range) were carried out to determine the effect 
of growth rate ranges on antibiotic production for the organism (figure 12).
Product concentration varied with growth rate range for the three CFBC 
cultures of S. erythraea, the lowest growth rate range producing the highest 
concentration of erythromycin.
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Figure 12 Erythromycin concentration in a single cycle with 
different growth rate ranges in S. erythraea.
Product concentration did not only vary with growth rate range but also varied 
throughout the cycle. Towards the start of the cycle for each growth rate range 
a decrease in product concentration occurred. For the high growth rate range 
this decrease was immediate. In the middle and low growth rate range the 
decrease occurred after a short period of cycle time. The decrease was possibly 
due to the shift up in nutrient availability that occurred as a result of an increase 
in dilution rate, causing a metabolic disturbance within the cells. On adjustment 
to the nutrient environment and a subsequent decrease in dilution rate the 
erythromycin concentration increased for the remainder of the cycle.
The specific yield was calculated for each of the three growth rate ranges. 
Specific yield of antibiotic for all three growth rate ranges showed similar 
profiles to erythromycin concentration with time (figure 13). The yield was 
highest for the low growth rate range and hence was the most efficient growth 
rate range for antibiotic production in terms of biomass.
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Figure 13. Specific yield in a single cycle with different growth 
rate ranges in S. erythraea.
Specific yield varied throughout the cycle for each growth rate range, showing 
a decrease in yield at the start of each cycle followed by an increase towards 
the end of the cycle. It appears that production was slowed down or switched 
off at the start of the cycle where the organism experienced a shift up in 
nutrient availability. Production in S. erythraea has been shown to be partially 
dissociated from growth in carbon limited medium and hence the increase in 
growth rate at the start of the cycle would have affected the production rate. On 
adjustment to the increase in growth rate the organism appeared to increase 
production rate of erythromycin for the remainder of the cycle.
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4 . 3 . 3  S p e c i f i c  P r o d u c t i o n  R a t e
Specific production rates were calculated for the three growth rate ranges and 
used to compare fiends in the growth rate cycles.
The specific production rate based on the calculation,
q = (p/x).|n
where
q = specific production rate (mg/g/h) , 
p = product concentration (mg/1) , 
x = biomass concentration (g/1) , 
jj. = growth rate (h"l) ,
showed a constant decrease with time for all three growth rate ranges (Pirt 
1974) (figure 14). This suggests that production slowed down over the cycle 
and increased at the start of the cycle. Evidently this was not the case since the 
erythromycin concentration decreased at the start of the cycle then increased 
for the remainder of the cycle.
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Figure 14. Specific production rates in a single cycle with 
different growth rate ranges in S. erythraea.
The discrepancy in results between specific production rate and product 
concentration profiles occurred due to the equation 4.3.1 which does not 
consider the residual concentration of antibiotic remaining from the previous 
cycle. At the start of the cycle a portion of culture remains as the inoculum for 
the next cycle and contains a quantity of antibiotic. Although not produced in 
the next cycle this quantity of antibiotic alters the specific production rate 
considerably. A more accurate measure of specific production rate would be the 
amount of product produced by the biomass from the start of the cycle and 
hence not including the residual antibiotic from the previous cycle. Subtracting 
the residual concentration of antibiotic found in the starting volume from the 
total concentration at any time point and assuming no detrimental effect with 
retention time in the bioreactor on the product gives equation 4.3.2.
q = C(pT - pr) « ) . p (4 .3 .2)
where
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q = specific production rate (mg/g/h) , 
V j  = total product (mg) ,
Pr  = residual product (mg) ,
X = total biomass (g) ,
(i = growth rate (Ir*).
The resulting specific production rate profiles are shown in figure 15. 
Following an initial decrease, the specific production rate increased throughout 
the cycle for each of the three CFBC runs. The initial decrease can be attributed 
to the sudden increase in dilution rate and hence growth rate due to the increase 
in availability of nutrients at the beginning of each cycle as a portion of culture 
was removed. Production either slowed down or was switched off due to up- 
regulation of growth rate of the organism in the richer nutrient environment, 
and hence production rate decreased.
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The specific production rate increased for the remainder of the cycle indicating 
a return to full production following adjustment to the nutrient environment and 
subsequent decrease in growth rate.
4.3.3 V a n c o m y c i n  Production
For a direct comparison with S. erythraea identical growth rate ranges were 
used for CFBC with A. orientalis, the three ranges being below the maximum 
specific growth rate found in batch culture to be 0 .12h"F All three growth rate 
ranges provided different concentrations of vancomycin with the maximum 
range producing the highest concentration (figure 16).
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Figure 16 Vancomycin concentration in a single cycle of CFBC 
with A. orientalis for different growth rate ranges.
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No vancomycin production was found with the middle growth rate range 
(figure 16). Variation throughout the cycle was obseived especially for the high 
growth rate range and to a lesser extent for the low growth rate range. The 
product concentration decreased considerably at the start of the cycle for the 
high growth rate range coinciding with a shift up in nutrient availability. 
Following an initial increase, product concentration remained constant for the 
low growth rate range where the shift up in dilution rate was not so great 
(0.025h“ 1-0.01 lh"l). The experiments were repeated and consistant results 
obtained.
Similarly the specific yield showed a decrease at the start of the cycle for the 
high growth rate range followed by an increase towards the end of the cycle 
(figure 17). For the low growth rate range, the specific yield increased at the 
start of the cycle and then remained constant. The increase in growth rate at the 
start of the cycle appeared to slow down production of vancomycin in the high 
growth rate range as obseived with CFBC cultures of S. erythraea. On 
adjustment to the nutrient shift up and subsequent decrease in growth rate
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product concentration decreased for the remainder of the cycle. It is unknown 
why specific production rate remained constant for the low growth rate range 
although it is assumed that the increase in growth rate range at the start of the 
cycle was not great enough to slow down production.
4.3.4 Specific Production Rate
The specific production rate, calculated by subtraction of residual antibiotic 
(see section 4.3.3 ), differed for the two producing ranges. Specific production 
rate showed an initial decrease followed by an increase for the high growth rate 
range and a constant rate of production for the low growth rate range (figure 
18).
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The initial decrease in specific production rate in the high growth rate range 
can be attributed to the sudden increase in dilution rate resulting in an up- 
regulation in growth rate at the start of the cycle. The increase in growth rate at 
the start of the cycle for the low growth rate range was smaller (0.025h"l- 
0.01 lh"l) than the high growth rate range (0.1h"L 0.045h"l ) and it was 
thought that the increase was insufficient to slow down production resulting in 
a flatter specific production rate line.
S. erythraea and A. orientalis differed in specific production rate profiles for 
the low and middle growth rate ranges. An increase in nutrient availability at 
the start of the cycle did not result in a decrease in production rate in A. 
orientalis but did slow down production in S. erythraea. The middle growth 
rate range did not stimulate production of vancomycin for A. orientalis.
4.4 Product Stability
S a c c h a r o p o l y s p o r a  e r y t h r a e a
Gray and Vu-Trong (1987a) found high rates of tylosin production in cyclic 
fed batch culture for up to 240 hours in CFBC of S. fraidae using square wave 
profiled feeds of glucose and glutamate. Under optimal conditions a linear 
increase in tylosin occurred and a constant value for specific production rate 
was obtained up until 240 hours after which the synthetic rate decreased. The 
period of high synthetic rate was extended up to 480 hours by the addition of 
basic salts added to the feed in the square wave profiles (Gray and Vu-Trong, 
1987b). Presumably the decline in product synthesis with the original feed was 
due to the depletion of trace elements and salts after a period of time. The use
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of a complete feed allowed the continuation of product synthesis and the 
extension of a stable product rate.
In CFBC cultures of S. erythraea the product concentration thoughout the 
culture depended on the growth rate range used. In CFBC with growth rate 
range 0.025 h' 1 -0.01 lh"1 the product concentration appeared to be stable from 
60 hours increasing slightly at 117 hours (figure 10a). Since both biomass and 
erythromycin appealed stable after 70 hours it was thought that a quasi steady 
state had been achieved. The CFBC for this range only covered three cycles 
and therefore it was impossible to determine the length of time that the product 
remained stable.
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Figure 10a. Biomass and erythromycin concentration in CFBC of 
S. erythraea with growth rate range 0.025h"I-0.011h"1.___________
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With dilution rate range O.O6I1'1 - 0.0271Y1 the product concentration increased 
with increasing cycle number until 175 horns whereupon the production rate 
slowed down (figure 19).
Figure 19. Biomass and erythromycin concentration in CFBC 
cultures of S. erythraea with growth rate range 0.06h'1-0.027h"1.
Biomass concentration remained fairly constant for this range but more erratic 
than for the lower growth rate range and it was thought the effect of a large 
increase in growth range at the start of each cycle caused a slight decrease in 
biomass at the start of each cycle. This decrease followed by recovery of 
biomass for the remainder of the cycle produced a slight variation in the 
biomass concentration profile.
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For dilution rate range O.lh' 1 - 0.0451Y1 product concentration remained fairly 
constant from 70 horns until 180 hour (figure 20). Biomass concentration 
increased slightly until 110  hours where upon it remained constant.
Biomass and erythromycin concentration were more stable for the high growth 
rate range than the middle range with CFBC cultures of S. erythraea suggesting 
that the organism can adjust to the high range more efficiently. Perhaps the 
further perturbations in biomass concentration and hence growth rate in the 
middle growth rate range stimulated higher production rates of erythromycin 
demonstrated by the increasing concentration with increasing cycles.
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A . o r i e n t a l i s
CFBC of A. orientalis again showed different trends with the different growth 
rate ranges. In the low growth rate range the vancomycin concentration 
increased until 110 hours after which the concentration decreased until 160 
hours and then remained constant until the culture was terminated (figure 1 la).
-*-Biomass
-^Vancomycin
100 150
Culture Age (h)
Figure 11a. Biomass and vancomycin concentration in CFBC 
cultures of A. orientalis with growth rate range O.OZSh -^O.Ollh"1.
Production in the high growth rate range was more erratic with product 
concentration ranging from 45mg/l to 85mg/l (figure 21). The biomass 
concentration was also more erratic for this range than the lower growth rate 
range. As with S. erythraea, the higher growth rate ranges provided a greater 
variation in biomass concentration for A. orientalis since the organism 
experienced a large increase in growth rate at the start of cycle resulting in a 
slight decrease in biomass concentration followed by recovery. The exception
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to this was the high growth rate range O.lhLo.CHSh' 1 for S. erythraea where 
biomass and product concentration remained relatively constant.
Product concentration and biomass concentration appeared to be more stable at 
lower growth rate ranges than the higher ranges for both organisms with the 
exception of the high growth rate range for S. erythraea. The higher product 
concentration found in the middle growth rate range for S. erythraea and the 
high growth rate range for A. orientalis both showed erratic biomass readings. 
Perhaps the increase in product concentration resulted from further 
perturbations in the bioreactor due to the inability of the organism to adjust to 
the increase in growth rate within the respective growth rate ranges. In the 
growth rate ranges where biomass remained relatively constant antibiotic 
production was more stable. These results are comparable to that found with S. 
fradiae where a constant feed rate produced a 52% increase in tylosin 
production compared with a square wave profiled feed which produced an
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increase of 114% in production (Gray and Vu-Trong, 1986). The square wave 
profiled feed would have produced further perturbations to the culture than a 
constant feed rate and undoubtedly caused slight variations in biomass 
concentration. Biomass concentrations were not given in the publication 
although it was mentioned the volume was kept constant by removal of a 
sample volume equivalent to the feed additions. This would indeed cause 
variation in the biomass concentration since the growth limiting substrate 
would vary and hence perturb the system further (Gray and Vu-Trong, 1986).
4.5 Conclusions
Cyclic fed batch culture produced a higher product concentration than batch 
cultures for both S. erythraea and A. orientalis. Cyclic fed batch culture allows 
the control of growth rate for optimisation of antibiotic production where 
growth rate ranges can be manipulated by either altering the flow rate of the 
substrate feed or by the volume of culture used at the start of the cycle. Other 
methods for altering growth rate range include extending the cycle time or 
allowing an outflow of culture at a rate differing that of the inflow. Secondary 
metabolite production varied with the growth rate range used in CFBC of both 
S. erythraea and A. orientalis. For S. erythraea the highest product 
concentration occurred in the low growth rate range. In contrast to this the 
highest product concentration for A. orientalis occurred in the high growth rate 
range. Furthermore the middle growth rate range in CFBC and batch culture 
did not produce any vancomycin in cultures of A. orientalis. S. erythraea is 
known to produce under a wide range of conditions including carbon limitation, 
nitrogen limitation, oxygen limitation (Clark et a l 199,5) and phosphate 
limitation (McDermott et al., 1993). It was assumed that down regulation of 
growth rate induced by most methods of cultivation stimulates production of 
erythromycin in cultures of S. erythraea. Amycolatopsis orientalis appears to
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be a more fastidious organism producing secondary metabolite under a 
restricted range of conditions. Only on the precise rate of decrease in growth 
rate of the organism does production of vancomycin occur*, the growth rate 
profile determining the level of production of antibiotic.
Specific production rates, calculated by subtraction of the residual product 
remaining from the previous cycle, showed a decrease at the start of the cycle 
for both S. erythraea and A. orientalis. It was thought that the increase in 
growth rate at the start of the cycle was responsible for the decrease in 
production rate. On adjustment to the higher growth rate the production rate 
increased for the remainder of the cycle. The exception to this was the low 
growth rate range for* A. orientalis where a constant rate of production was 
obtained. It was thought that the increase in growth rate at the start of the cycle 
was insufficiently large enough to effect production for this organism. It would 
appear* that the difference in growth rate at the start end finish of the cycle was 
small enough for the system to resemble chemostat culture, allowing a 
relatively constant rate of production.
Product concentr ation remained stable for both high and low gr owth rate ranges 
with S. erythraea and for the low growth rate range in A. orientalis. The middle 
range for S. erythraea increased in product concentration with increasing cycle 
number and production was higher and more erratic for A. orientalis for the 
high growth rate range. These higher productivities were associated with erratic 
biomass readings for both organisms and it was obseived that where biomass 
variations occurred the product concentration also varied. This result was 
similar to that found by Gray and Vu-Trong (1986) where square wave profiles 
increased production in comparison to a constant flow rate.
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5.5 Conclusions
5 . 1  I n t r o d u c t i o n
The macromolecular synthesis capacity of an organism has been studied for a 
number of bacteria, including actinomyce&s for the detection of possible 
correlations with the regulatory mechanism of primary and secondaiy 
metabolism. Levels and/or rates of RNA, DNA, protein and ratios of these 
molecules have been correlated with growth rate and production in many 
species. Work with actinomyce&shas mainly been confined to rates of RNA and 
protein synthesis for correlation with induction of antibiotics. Study in this area 
includes the work of Liras et al. (1977) who suggested that the production of 
candicidin in batch cultures of S. griseus occurred following rapid synthesis of 
RNA. Production of vancomycin in batch cultures of S. orientalis was 
obseived following a decrease in RNA (Metz and Doolin, 1972) and Jones and 
Weissbach (1970) found a decrease in RNA levels before the onset of 
actinomycin synthesis in batch cultures of S. antibioticus. Vu-Trong and Gray 
(1986) observed cyclic variations in RNA levels in CFBC cultures of S. fradiae 
which coincided with an increase in tylosin production. Additionally the
protein synthesis mechanism has been investigated as a possible regulatory
eboJL
inducer of secondary metabolism. Granozzi^(1990) observed a decrease in 
protein and nucleic acid synthesis at the end of vegetative mycelium growth on 
solid medium coinciding with the phase where secondary metabolites are 
produced. Wilson and Bushell (1995) obseived a decrease in rate of protein 
synthesis for S. erythraea, coinciding with onset of erythromycin production. 
It is possible that secondaiy metabolism is induced by one or a number of the 
physiological parameters which control, or change as a consequence of changes 
in growth rate.
In unicellular organisms, efficiency of ribosomes for the production of protein 
has been the topic of many publications. Nutritional shift up from a minimal 
medium to a rich medium has been used to study the efficiency of the cell to
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adjust to and take advantage of nutrient rich environment (Koch, 1980). 
Ribosomal efficiency was calculated from the ratio of protein to RNA as a 
function of growth rate in cultures of E. coli (g protein/g RNA/h) (Kjeldgaard 
and Kurland, 1963). Koch (1980) suggested that an organism operates at 
different efficiency levels depending on the growth rate of the organism in a 
medium. At high growth rates cultures of Escherichia coli were able to 
efficiently produce proteins whereas at moderate or low growth rates the ratio 
of protein produced to active ribosomes decreased. Bacteria were thought to 
hoard protein synthesis machinery at moderate growth rates ready to increase 
production of protein when conditions improved (Koch, 1980). Russet et al 
(1966) also found a decrease in ribosomal efficiency with decreasing growth 
rate in cultures o i Escherichia coli, and Alton and Koch (1974) observed 'extra' 
ribosomes found at moderate growth rates could become functional in less than 
five minutes on a nutritional shift up. Although no such work has been carried 
out with actinomycetes this would appear to be an interesting area to study 
since many workers have found correlation of secondary metabolite production 
with both protein synthesis and RNA. This may be particularly applicable in 
CFBC culture since a nutritional shift up, or up regulation, occurs at the start of 
each cycle and has been found to coincide with a decrease in specific 
production rate. A slow nutritional shift down also occurs throughout the cycle 
(chapter 4). This series of events following nutritional shift up in CFBC 
suggests an effect of macromolecular growth rate or intrinsic growth rate of the 
organism on production. Macromolecular synthesis rate and efficiency of 
ribosomes appear to be an effective indicator of intrinsic growth rate and 
therefore of the physiological state of the organism.
It was decided to progress with the study of intrinsic growth rate with the 
organism A. orientalis since induction of antibiotic was observed under 
restricted conditions. This will allow the study of conditions for both induction 
and repression of vancomycin.
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5.2 Protein Synthesis Rate
Previous workers have attempted to show that protein synthesis rate profiles 
correlate with the onset of antibiotic production in batch culture of S. 
erythraea (Wilson, 1995). The results indicate that in both nitrogen and carbon 
limited batch culture secondary metabolite induction coincided with a decrease 
in protein synthesis rate. These events occurred early in the culture for nitrogen 
limited medium consistent with the more growth associated kinetics and later in 
the cultivation in carbon limited medium consistent with growth dissociated 
kinetics with this organism (McDermott et a l, 1993).
5.2.1 B a t c h  Culture
Batch culture of A. orientalis was carried out and protein synthesis rates 
determined throughout the culture. The biomass concentration increased 
exponentially up to 58 hours and reached a maximum at 67 hours (figure 22). It 
was obseived that production of vancomycin did not occur throughout the 
cultivation. Protein synthesis rate increased 10 hours after inoculation of the 
culture then decreased at a slow rate up to 35 hours. The protein synthesis rate 
decreased at a more rapid rate after this time. The highest rate of protein 
synthesis occurred between 0 hours and 35 hours during early exponential 
growth phase, decreasing rapidly after this time. Minimum rate was reached 
after 75 hours of growth during the decline phase.
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An increase followed by a decrease in protein synthesis rate occurred in both 
batch cultures of A. orientalis and was observed in batch cultures of S. 
etythraea in carbon limited medium (Wilson, 1995). The maximum protein 
synthesis rate occurred during early exponential growth in both culture systems 
and was proceeded by a decrease for the remainder of the cultivation time. 
Production, however, was obseived to occur in cultures of S. erythraea 
(Wilson, 1995). Although protein synthesis rate was a possible effector on the 
production of erythromycin it appeared that the decrease in protein synthesis 
rate did not trigger the production of vancomycin in batch cultures of A. 
orientalis.
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5.2.2 Cyclic F e d  Batch Culture
In CFBC it has been obseived that an increase in growth rate at the start of the 
cycle occurred as the dilution rate increased and coincided with a decrease in 
production of the antibiotic after this time (chapter 4). Biomass growth rate was 
down regulated immediately on reaching a maximum at the start of the cycle, 
however, production rate continued to decrease for some time following down 
regulation before an increase in specific production rate was observed. It was 
thought that the continued decrease in production rate after maximum growth 
rate was achieved was possibly due to a continued increase in intrinsic growth 
rate. The intrinsic growth rate was thought to be represented by 
macromolecular synthesis rate as opposed to biomass growth rate which was 
associated with biomass accumulation rate. Protein synthesis rates were 
determined as indicators of intrinsic growth rate for the three growth rate 
ranges in CFBC cultures of A. orientalis and used to compare with specific 
production rates
5.2.2.1 H i g h  G r o w t h  Rate R a n g e
The peak protein synthesis rate for the high growth rate range occurred at 2.3 
hours, or after 19% of the cycle time (figure 23). It appealed that a decrease in 
protein synthesis and a decrease in biomass growth rate occurred for the 
remaining 8 hours of the cycle. Since biomass concentration remained constant 
throughout it would appear that the biomass growth rate and intrinsic growth 
rate were not in synchrony at the start of the cycle indicated by the protein 
synthesis rate increase. After 19% of the cycle time the intrinsic growth rate 
appealed to follow the biomass growth rate as observed by the decrease in 
protein synthesis rate at this time.
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Figure 23. Protein synthesis rate and specific production rate in 
a single cycle of CFBC for A. orientalis in the high growth rate 
range. ___ _____  _____  ____  _________
The specific production rate for the high growth rate range decreased at the 
start of the CFBC cycle and after 19% of the cycle time increased for the 
remainder of the cycle (figure 23). The decrease at the start of the cycle 
coincided with an increase in protein synthesis rate. On reaching a maximum at 
19% of the cycle time the protein synthesis rate decreased and coincided with 
an increase in specific production rate. During the 8 hours of decrease in 
protein synthesis rate, or 81% of the cycle time, the specific production rate 
continually increased.
The simplistic model for the induction of secondary metabolism by a down 
regulation of growth rate as described by Bu’Lock (1974) would appear to fall 
short in the CFBC system since down regulation in CFBC occurred at the start 
of the cycle without inducing secondary metabolism immediately. Possibly a
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more realistic view would be to consider an intrinsic growth rate for a 
correlation with secondary metabolism. It was thought that the intrinsic growth 
rate increased due to an increase in biomass growth rate at the start of the cycle 
and involved an increase in protein synthesis and possibly other 
macromolecules within the cell. Antibiotic production was repressed during the 
intrinsic growth rate increase. On synthesis of proteins and other 
macromolecules involved during intrinsic growth rate increase the nutrient 
availability decreased and stimulated a decrease in intrinsic growth rate. It was 
thought that the intrinsic growth rate decrease induced antibiotic production at 
this time.
5.2.2.2 M i d d l e  G r o w t h  Rate R a n g e
Protein synthesis rate determinations were made for the middle growth rate 
range for a comparison with the producing high growth rate range (figure 24). 
Peak protein synthesis rate for the middle growth rate range occurred after 12 
horns, or 60% of the cycle time. No production was found throughout the cycle 
even when a decrease in protein synthesis rate occurred. It was thought that the 
increase in nutrient availability and subsequent increase in protein synthesis 
rate at the start of the cycle resulted in production being switched off 
completely. Intrinsic growth rate, indicated by protein synthesis rate, was 
thought to have continued to increase for up to 60% of the cycle time despite a 
decrease in biomass growth rate.
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At 60% of the cycle time peak protein synthesis rate was reached which then 
decreased for the remaining 40% of the cycle time. It was thought that the 
excessive time taken to reach peak protein synthesis rate indicated an 
increasing intrinsic growth rate at this time. It was unknown why the intrinsic 
growth rate differed from the high growth rate range although the result 
suggests that protein synthesis machinery is in some way involved in the 
regulation of secondary metabolism. The decrease in intrinsic growth rate 
following peak protein synthesis rate for the middle range did not induce 
secondary metabolite production possibly due to insufficient time to do so 
before a further increase occurred. In comparison the producing high growth 
rate range reached a maximum after 20% of cycle time after which production 
was induced.
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5.2.2.3 L o w  G r o w t h  Rate R a n g e
Protein synthesis rates were determined for this range for comparison with the 
high growth rate range (figure 25). The peak protein synthesis rate for the low 
growth rate range occurred at 10 hours, or after 2 1% of the cycle time.
E
% Cycle Time
Figure 25. Protein synthesis rate and specific production rate in 
a single cycle of CFBC for A. orientalis in the low growth rate 
range. ______
The increase in protein synthesis rate at this time was very small in comparison 
with the increase in protein synthesis rate obseived for the high growth rate 
range. During the 38 horns or remaining 79% of the cycle time the protein 
synthesis rate decreased and specific production rate remained constant.
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Figure 26. Protein synthesis rate profiles for the three growth 
rate ranges in a single cycle of CFBC for A. orientalis.________
The % increase in protein synthesis rate for the three growth rate ranges was 
dependant on the growth rate range used (figure 26). For the high growth rate 
range the protein synthesis rate increased by 283% compared with an increase 
of 125% for the middle growth rate range and 63% for the low growth rate 
range. The % of cycle time taken to reach maximum protein synthesis rate 
appeared to be independent of product concentration since both high and low 
growth rate ranges reached a maximum after 20% of the cycle time although 
their final product concentration differed. However, the %  protein synthesis 
rate increase may have affected the specific production rate since the high 
growth rate range which cncurred the highest increase in protein synthesis rate 
was observed to have the highest specific production rate of the two producing 
ranges
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Figure 27. Protein synthesis rate profiles as a function of %cycie 
time for three growth rate ranges in a single cycle of CFBC for A. 
orientalis
40 60
% Cycle Time
The timing of peak protein synthesis rate may also have affected production of 
vancomycin in CFBC cultures of A . orientalis (figure 27). The rapid recovery 
of conditions required for antibiotic production in the high and low growth rate 
ranges at the start of the cycles following an increase in protein synthesis rate 
allowed a longer time for production (between 79% to 81%). The middle range 
CFBC required 60% of the cycle time before a protein synthesis rate decreased 
occurred during which time production was switched off. It is possible that the 
remaining 40% of the cycle time was insufficient for production to be switched 
on.
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5 . 3  U p  R e g u l a t i o n  o f  G r o w t h  R a t e
The increase in protein synthesis rate in all three growth rate ranges at the start 
of the cycle suggests an increase or up regulation of the intrinsic growth rate in 
CFBC cultures of A. orientalis occurred. This intrinsic growth rate increase 
coincided with a decrease in the specific production rate for the high growth 
rate range and it was thought that the up regulation either slowed down or 
switched off production at this time. Switching off production following an 
intrinsic growth rate increase would have resulted in a dilution of product until 
the point of product induction. A theoretical dilution effect was calculated from 
the starting concentration of vancomycin diluted by the flow of medium into 
the vessel for the two producing growth rate ranges and used to determine the 
effect of up regulation of intrinsic growth rate.
5.3.1 H i g h  G r o w t h  Rate R a n g e
In the high growth rate range up regulation showed the greatest increase from 
0.045h-l to O.lh-1, resulting in a large increase in protein synthesis rate at the 
start of the cycle. The theoretical dilution effect was used to compare with the 
actual product concentration to determine whether production was switched off 
or slowed down at the time of intrinsic growth rate increase (figure 28). The 
actual product concentration followed the theoretical profile until the protein 
synthesis rate reached a maximum at which time the product concentration 
increased (figure 23). It would appear therefore that the up regulation of 
intrinsic growth rate, indicated by an increase in protein synthesis rate, 
switched off production. On synchrony of intrinsic growth rate and biomass 
growth rate production was induced.
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Figure 28. Effect of product dilution following up regulation of 
growth rate in a single cycle of CFBC for A . orientalis in the 
high growth rate range.__________________________________
5.3.2 L o w  G r o w t h  Rate R a n g e
For the low growth rate range the increase in protein synthesis rate at the start 
of the cycle was relatively small in comparison with the high growth rate 
range, reflecting the small increase in intrinsic growth rate (0.01 lh"1 to 0.025h' 
*). The actual concentration of product did not follow the theoretical dilution 
effect but actually increases at the start of the cycle (figure 29). It would appear 
therefore that the up regulation in intrinsic growth rate was insufficient to 
switch off production between the low growth rate range cycles.
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Figure 29. Effect of product dilution following up reguiation of 
growth rate in a single cycle of CFBC for A. orientalis in the 
low growth rate range.
5.4 Macromolecular Synthesis
Protein synthesis rate appeared to be a good indicator for the intrinsic growth 
rate of an organism in CFBC cultures of A. orientalis. However, the lack of 
production in batch culture despite a decrease in protein synthesis rate early in 
die cultivation suggests that protein synthesis rate is not the regulatory 
mechanism for the induction of secondary metabolism for this organism.
Workers have also studied levels of RNA to determine any correlation with 
secondary metabolite induction. Vu-Trong and Gray (1986) determined net 
RNA synthesis for CFBC and batch cultures of S. fradiae . In batch culture 
production of tylosin followed maximum RNA levels and the specific 
production rate of tylosin continued to increase following a decrease in RNA.
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In CFBC, cyclic stimulation patterns of RNA were observed in response to the 
cyclic feeding of nutrients. Tylosin litres were higher in CFBC in comparison 
to batch culture despite similar biomass concentrations in both culture methods. 
It was suggested that the RNA synthesis in CFBC corresponded to the 
increased tylosin production and that specific production rates increased in 
response to maintenance of cellular activity by periodic influx of nutrients. In 
batch culture a decrease in tylosin production rate at the end of cultivation was 
associated with a decrease in cellular activity, namely RNA synthesis. 
However, a decrease in cellular activity occurred in CFBC cultures following 
an initial increase on feed addition. There would therefore appear to be a 
correlation between tylosin production rate and cyclic decreases in RNA level 
rather than increases as suggested by the authors since RNA synthesis 
increased rapidly in CFBC on feed addition followed by a slow decrease in 
RNA. Although cellular activities were maintained by the nutrient additions 
tylosin production was probably induced by a decrease in RNA synthesis or a 
decrease in intrinsic growth rate indicated by the RNA synthesis. Vu-Trong and 
Gray (1986) also suggested that the decrease in RNA synthesis in batch 
cultures was due to a nutritional shift down as obseived in cultures of E. coli 
when conditions changed from nutrient rich to nutrient poor environment 
(Molin et a l , 1977; Johnsen et a l ,  1977). The decrease in tylosin synthesis in 
batch culture and in continuously fed batch culture was suggested to be related 
to the decreased cellular biosynthetic activity which was supposedly 
maintained in high producing CFBC culture. It would appear that this was not 
the case since continuously fed batch cultures would have resulted in an 
increase in cellular activity. The data on RNA synthesis in continuously fed 
batch cultures was unavailable in the publication but clearly by continuous 
addition of feed the organism would not be subjected to a decrease in nutrient 
availability. In fact nutrient availability would be greater in continuously fed 
batch cultures than in CFBC cultures. It would appear that a decrease in tylosin 
synthesis occurred as a result of a decrease in cellular activity in batch cultur e
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^  became depleted. In CFBC, however, cellular- activity would cyclically increase 
then decrease and in continuously fed batch cultures would probably 
continuously increase or cycle to a lesser degree than in CFBC. It is thought 
that continuously fed batch cultures of S. fradiae which produced more tylosin 
than batch culture but less than CFBC caused increases in intrinsic growth rate 
to a greater extent than in CFBC culture and therefore reducing the tylosin 
synthesis rate.
5.4.1 Total Protein, R N A  Concentration
Intrinsic growth rate as described in this chapter has been tenuously linked with 
protein synthesis rates and RNA synthesis although possibly a more exact 
description would be the overall rate of macromolecular synthesis. Since it is 
virtually impossible to calculate this value a study of particularly important 
macromolecules would possibly give a clearer indication of this growth rate. In 
the following study rates of protein, RNA and ribosomal efficiencies were 
determined for the three growth rate ranges and used to compare with timing of 
product induction.
5.4.1.1 H i g h  G r o w t h  Rate R a n g e
In the high growth rate range total protein content decreased throughout the 
cycle as the growth rate decreased (figure 30). RNA concentration varied 
considerably throughout the cycle possibly due to the changes in rates of 
synthesis of mRNA, tRNA and rRNA which were found to be produced at 
varying rates at a particular- growth rate in cultures of E. coli (Norris and Koch,
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1972). Additionally, Kjeldgaard and Kurland (1963) obseived different relative 
amounts of tRNA and rRNA in different growth media for cultures of E. c o l i . 
The proportion of tRNA in the cell was higher at low growth rates than at 
higher growth rates, differing from 18% to 65% of the cell content in the two 
media studied. Forchhammer and Lindahl (1971) also found that ribosomal 
structures dissociated and re-associated in cyclic patterns in cultures of E. coli 
and Molin et al. (1977) obseived RNA to be unstable on a nutrient shift down. 
This suggests that the total RNA content is not a reliable measurement and that 
individual amounts of rRNA, tRNA and mRNA would allow a more exact 
determination of the role of RNA in the cell. It is not surprising therefore that 
the concentration of total RNA varied throughout the decrease in growth rate 
although it appears improbable that this was the sole cause of the variability in 
RNA in the high growth rate range. Similar to the RNA variability, the amount 
of protein synthesised per gram RNA varied throughout the cycle, the two 
showing mirror image fiends for this range.
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Figure 30. Total protein, RNA and protein/RNA as a function 
of cycle time in CFBC cultures of A. orientalis for the high 
growth rate range.
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The variation in RNA and protein to RNA ratios makes it difficult to arrive at 
any conclusions on intrinsic growth rate. Clearly changes in cell composition 
occurred in this range as the nutrient availability became depleted. Most of the 
work in this area has been carried out on rapid growth rate decreases when the 
organism was moved from a high growth medium to a medium which 
supported lower growth (Koch, 1980) or by using an analogue of glucose, 
preventing the uptake of glucose and hence reducing the growth rate of the 
organism (Molin et a l , 1977). Work on controlling the rate of decrease of 
growth rate has not been reported in the literature and although parallels with 
the work described here can be made the two systems differ considerably. 
Perhaps a sudden decrease in growth rate as observed in cultures of E. coli on 
removal from a high to low growth rate supporting medium altered the 
composition and physiology of the cell which could not be repeated by using a 
slower controlled decrease in growth rate as in CFBC.
5.4.1.2 M i d d l e  G r o w t h  Rate R a n g e
In the middle growth rate range total protein content decreased for 45% of the 
cycle time before increasing for the remainder of the cycle (figure 31). RNA 
levels varied throughout the cycle decreasing at 45% of the cycle time then 
increasing at the end of the cycle. Protein to RNA ratios for the middle growth 
rate range increased at 45% of the cycle and remained high until the end of the 
cycle. The mirror image trends observed in RNA and protein to RNA ratio, 
showing a decrease and increase respectively at 45% of the cycle time, coupled 
with the increase in protein concentration indicates a change in physiological 
status at this time. This may possibly be due to a change in polypeptide chain 
synthesis rate during protein synthesis as the organism decreases from higher to 
lower nutrient availability as found in cultures of E. coli (Forchhammer and
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Lindahl, 1977). A decrease in the rate of polypeptide chain synthesis at 
doubling times of less than one hour and a constant growth rate above one 
doubling hour was observed in cultures of E. coli. Polypeptide chain synthesis 
rateswere calculated for cultures of E. coli from the equation (Forchhammer 
and Lindahl, 1977)
5.4.1.2.1
This equation was derived from the average molecular weight of amino acids, 
calculated as 120, and the molecular weight of rRNA, 1 .6x l06. The value 0.77 
was obtained from the percentage of ribosomes active in protein synthesis. 
Perhaps in the middle growth rate range the polypeptide chain growth rate 
changed at biomass growth rates lower than 0.04h'1 (the growth rate at 45% of 
the cycle). This e//>/cimtion for the decrease in RNA content at 45% of cycle 
time is a hypothetical one since the actual polypeptide chain synthesis rate has 
not been calculated for A. orientalis. It does, however, indicate a physiological 
change in cell constitution at this time. Perhaps the high and low growth rate 
ranges avoided the change in polypeptide chain synthesis rate since the growth 
rate ranges did not cover 0.04h_1.
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Figure 31. Total protein, RNA and protein/RNA as a function of 
cycle time in CFBC cultures of A. orientalis for the middle growth 
rate range.__________ _________________________  ______
5.4.1.3 L o w  G r o w t h  Rate R a n g e
In the low growth rate range total protein content decreased throughout the 
cycle. RNA content decreased until 45% of the cycle time then increased for 
the remainder of the cycle (figure 32). Protein to RNA ratio decreased at 45% 
of the cycle time and again RNA levels and protein/RNA ratios showed mirror 
images trends. The decrease and increase in RNA and protein/RNA ratios 
respectively indicated a shift in intrinsic growth rates at this time as obseived 
for the middle growth rate range. Again this may indicate a change in the rate 
of polypeptide chain synthesis on a shift down in nutrient availability.
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Figure 32. Total protein, RNA and protein/RNA as a function of 
cycle time in CFBC cultures of A. orientalis for the low growth 
rate range.
5.4.1.4 R i b o s o m a l  Efficiency
Ribosomal efficiency was determined from ratios of protein to RNA as a 
function of growth rate for all three growth rate ranges (figure 33).
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Figure 33. Ribosomal efficiency for the three growth rate ranges 
in CFBC cultures of A. orientalis.
The ribosomal efficiency determinations gave an indication of the polypeptide 
chain synthesis rate thoughout the cycle since both calculations involve the rate 
of protein synthesis per gram of RNA. The polypeptide chain synthesis rate, 
however, differs from ribosomal efficiency in that it considers the rate of amino 
acid uptake. In the low and high growth rate ranges ribosomal efficiency 
showed a downward trend with decreasing growth rate. However, in the middle 
growth rate range the ribosomal efficiency increased dramatically after 45% of 
the cycle time. This variability in the high growth rate range could be the result 
of varying synthesis rates and levels of the mRNA, tRNA and rRNA, although 
not evident in the middle and low growth rate ranges which should also have 
encurred these variabilities. It was thought that the variations in RNA, protein 
to RNA ratio and ribosomal efficiencies throughout the three CFBC ranges 
indicated the complexity of a system in determining the switch for secondaiy 
metabolism. No conclusions can be made from this work although it would
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seem to indicate that complex physiological changes occur during transient 
growth rate decrease in CFBC.
5.6 Conclusions
Intrinsic growth rate is the term outlined in this thesis to describe the changing 
macromolecular synthesis rates within the cell. It is thought that the biomass 
growth rate is an insufficient measurement in determining the physiological 
status of the cell and that intrinsic growth rate would be a more suitable 
parameter. However, difficulties arise whilst trying to measure such a 
parameter since relative rates of macromolecules differ in respect of one 
another. For example the rates of synthesis of tRNA, rRNA and mRNA are 
thought to be regulated independently (Kjeldgaard, 1967) and DNA, RNA and 
protein are synthesised at different rates (Koch, 1971). Despite the difficulties 
involved, it is assumed that no one mechanism would be responsible for the 
induction of secondary metabolism but perhaps a sequence of events would 
lead to secondary metabolite induction. Indeed in trying to determine the 
behaviour of one particular variable as a mechanism for induction of secondary 
metabolism one might mask or overlook the real effector since a great number 
of these variables are interrelated. This chapter has encompassed a study on 
protein synthesis rate, RNA levels and the efficiency of those ribosomes in 
synthesising proteins in order to obtain an indication of intrinsic growth rate 
but does not assume that any or all of these parameters will allow a conclusion 
to be reached.
In batch cultures of S. erythraea peak protein synthesis rate coincided with an 
increase in erythromycin production in nitrogen limited medium (Wilson, 
1995). However, in batch cultures of A. orientalis no vancomycin was
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produced despite an early peak in protein synthesis rate. In CFBC of A. 
orientalis an early peak in protein synthesis rate coincided with an increase in 
specific production rate in the high and low growth rate ranges. For the middle 
growth rate range the peak protein synthesis occurred late into the cycle and 
production was not induced. Additionally the % increase in protein synthesis 
rate at the start of the cycle correlated with the productivity of the growth rate 
range used. A large increase in protein synthesis rate as was observed in the 
high growth rate range (283% increase) coincided with an increase in specific 
production rate of 700% after product induction. In the low growth rate range 
the protein synthesis rate increased by 63% at the start of the cycle was 
proceeded by a 35 % increase in specific production rate. Protein synthesis rate 
appeared to be a good indicator of the productivity of in CFBC cultures of A . 
orientalis. However, the lack of production in batch culture of A. orientalis 
despite the early peak in protein synthesis rate suggests that protein synthesis 
rate does not regulate the production of secondary metabolism.
RNA profiles in CFBC showed complex fiends with different growth rate 
ranges. In the middle and low growth rate range growth rate range the RNA 
content decreased with decreasing growth rate as observed on nutritional shift 
down in cultures of E. coli (Molin et a l , 1977 and Johnsen et a l ,  1977). In the 
high growth rate range profiles of RNA were more complicated. Ribosomal 
efficiencies in the high and low growth rate ranges showed downward trends as 
the growth rate decreases as observed in cultures of E. coli with decreasing 
growth rate (Norris and Koch, 1972). In the middle growth rate range 
ribosomal efficiency increased at 45% of the cycle time. This was thought to be 
possibly due to an increase in the rate of polypeptide chain synthesis or some 
other physiological shift at the time of increase.
It is assumed that to determine the regulatory mechanism for secondary 
metabolite formation that one must view the internal workings of the cell as a
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whole. Although great difficulties arise in attempting to do this no one
mechanism has been found to coincide with induction of secondary
metabolites.
Summary Points
•  The objective of this section was to identify a unifying physiological process 
parameter that correlated with culture productivity in batch culture and 
CFBC.
•  Protein synthesis rate per se appeared to fill this role in many instances but 
was not universally applicable, particularly in the case of A. orientalis.
•  S. erythraea can be induced to produce antibiotic under a diverse set of 
circumstances but A  orientalis appears to have more specialist requirements.
•  Combining and integrating macromolecular synthesis and growth rate values 
in various forms provided coherant trends in many cases but did not provide 
the required correlation with antibiotic synthesis induction.
•  Future work should embrace molecular studies, particularly where 
components of the protein synthesis mechanism can be isolated.
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Chapter 6
Profiling
6.1 Introduction
6.2 Complex Profile I
6.2.1 Algorithm for F e e d
6.2.2 Productivity
6.3 Complex Profile II
6.3.1 Algorithm for F e e d
6.3.2 Productivity
6.3.3 Protein Synthesis Rate
6.4 Constant Rate of Change of
Growth Rate
6.4.1 Algorithm for Fee d
6.4.2 Productivity
6 . 1  I n t r o d u c t i o n
A number of publications have appealed in recent years on the optimal feed 
profiling of fed batch culture. These publication cover work with a number of 
organisms for the production of both primary and secondary metabolites and 
include optimal profiling of substrate flow rate, inlet substrate concentration 
and on-line growth rate. Jones and Anthony (1977) devised a series of 
algorithms for the profiling of feed to obtain 1) a constant growth rate 2) aof C.Vvvn^ G'
constant rate,of flow rate and 3) a constant flow rate in fed batch culture. They 
showed that under certain conditions in fed batch culture the growth rate could 
be controlled and the cell concentration held constant. Cazzador (1988) 
discussed the use of optimal feed rates for the production of maximum biomass 
concentrations using a model to determine the optimal profile. Shimizue et 
al. (1989), by the use of a model, profiled the specific growth rate for maximum
I
biomass concentration in bakers yeast fed batch cultures. The specific growth 
rate was estimated using an extended Kalman filter based on model predicted 
on-line biomass concentrations. Feed profiles were used to maintain either a 
constant specific growth rate or a constant high growth rate reduced to a 
constant low growth rate using the bang-bang method of feed profiling for the 
reduction of the ratio of budding to total cells. A later publication discussed 
experimental data for comparison with the model (Shimizu et al, 1991). 
Weber and San (1989) used square wave feed profiles for increased plasmid 
stability in cultures of Escherichia coli and Nurmianto et al. (1994) discussed 
optimal feeding for the production of recombinant protein in cultures of 
Saccharomyces cerevisiae. Optimal profiling for the production of secondary 
metabolites was carried out by Guthke and Knorre (1981) who modelled 
substrate concentr ation profiles for the optimisation of antibiotic concentration. 
They suggested the use of different phases of profiles where the concentration 
of substrate is either constant, falls from a high constant to a low constant or is
£trvc| Dpov^loo
constantly decreasing. San^(1989) discussed profiling substrate concentration
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rather than flow rate to optimise production of penicillin in fed batch culture. In 
a model? biomass and bioreactor substrate levels were used as constraining 
factors for the substrate concentration in the inlet feed. On reaching a 
maximum biomass concentration, determined by the constraints, the substrate 
concentr ation was rapidly decreased to a low level. This substrate concentration 
profile allowed the rapid gr owth of the organism at the start of the culture, then 
reduced the growth rate on reaching the high biomass level resulting in an 
increase in penicillin production. Suprisingly little work has been carried out on 
optimal profiling of feed in cyclic fed batch culture. However, it would appear 
from the literature on optimal profiling of fed batch cultur e that growth rate can 
be controlled by profiling either the inlet feed or the inlet substrate 
concentration in cyclic fed batch cultur e for maximal production of secondary 
metabolites.
In the experiments described in the previous chapters the growth rate ranges 
used in CFBC cultures of S. erythraea and A. orientalis were chosen randomly 
to determine the effect on productivity and it was found that the growth rate 
range used determined the amount of antibiotic synthesised for both organisms 
(Chapter 4). The growth rate ranges used all showed an asymptotic decrease 
with cycle time since the flow rate into the bioreactor was a constant. By 
manipulation of the flow rate into the bioreactor the growth rate range profile 
may also be altered to change from an asymptotic decrease which was assumed 
to be sub-optimal for production.
6.2 Complex Profile Feed I
From the results obtained from chapters 4 and 5 it appealed that the increase in 
growth rate and hence protein synthesis rate at the start of the cycle in CFBC 
switched off production of secondary metabolism. The length of time taken to
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induce production after the time of switch off appeared to be dependant on the 
growth rate range used. The percentage increase in growth rate at the start of 
the cycle also appealed to be important in determining whether production was 
switched off. It was hoped that by profiling the flow rate of the substrate feed 
that production switch off at the start of the cycle would be avoided or kept to a 
minimum by manipulation the growth rate and hence protein synthesis rate 
profile.
A complex profile was devised to reduce the growth rate rapidly at the start of
the cycle over growth rate range of 0.Hrl-0.027h"l in CFBC cultures of A. 
orientalis. It was hoped that this would rapidly lead to a decrease in the protein 
synthesis rate at the start of the cycle and hence stimulate secondaiy metabolite 
production immediately on emptying the bioreactor. The growth rate range 
covering all three ranges used in previous experiments was used for this 
profiling experiment. The profile used a constant flow rate of 0.451b'1 for the 
first four hours of the CFBC and was then reduced to a flow rate of 0.27U1'1 for 
the remainder of the cycle.
Profiles of flow rate, growth rate, and volume throughout the cycle are shown 
(figure 35).
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The time taken for one cycle of the profiled CFBC was 18 hours and involved a 
stepped decrease in dilution rate at 4.5 hours.
6.2.1 Algorithm for Feed
Algorithms used to calculate volume, dilution rate and % output to the 
substrate pump were used to control the profiled flow rate. The algorithms 
used to profile the feed are shown below (figure 35). The flow rate and % 
output for the pump were previously calibrated and the % output to the 
substrate pump calculated from the flow rate set points (F=0.45 1/h at 0 to 4.5 
hours , F=0.27 1/h at 4.5 to 18 hours.). The MFCS computer control system 
updated all variables and controller values eveiy 5 seconds. Volume increments
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were added eveiy 5 seconds and acid, alkali additions and sample volume 
subtractions all used to calculate the culture volume. Dilution rates were 
calculated from volume and flow rates values. The cycle time and volume was 
reset at the end of each cycle using volume as a limiting factor; the high limit of 
10 litre volume reset the time to zero and the volume to 4.5 litr es.
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A l g o r i t h m s  f o r  P r o f i l e d  
F e e d  I
Figure 35. Computer control configuration for profiled flow rate.
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Figure 36. Computer control configuration for profiled flow rate
6.2.2 Productivity
Biomass concentration increased until 140 hours where it remained constant up 
to 190 horns (figure 37). The excessive length of time taken to reach maximum 
biomass was thought to be the result of the large increase in growth rate at the 
start of each cycle, causing a disturbance in growth until the organism adjusted 
to the system. Production was not switched on for this profiled growth rate 
range and it was thought that this was the result of the growth rate range used 
for this organism which covered the non producing middle growth rate range. 
This could also be used to explain the lack of production in batch culture which 
would presumably also cover the middle growth rate range during growth rate 
decrease in the latter stages of batch cultivation.
Culture Age (h)
Figure 37. Biomass and vancomycin production in a single cycle 
of profiled CFBC for A . orientalis.__________________________
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6 . 3  C o m p l e x  P r o f i l e  I I
A second complex profile was used to optimise production of secondary 
metabolites in CFBC cultures of A. orientalis . The high growth rate range was 
used with this complex profile since the large increase in protein synthesis rate 
at the start of the cycle was sufficient to switch off production for this range 
when used with a constant flow rate. It was hoped that the profile would result 
in a rapid decrease in protein synthesis at the start of the cycle and induce a 
rapid return to production. It was hoped that by profiling the feed at a slower 
rate after a decrease in protein synthesis rate and product induction occurred in 
the high gr owth rate range would result in a constant high rate of production for 
the remainder of the cycle.
A polynomial equation was used as the profile for the flow rate with time for 
the first hour of the CFBC (figure 38). The flow rate profile increased linearly 
after this time with the shallower gradient. This induced a rapid decrease in 
growth rate for the first hour followed by a slow decrease in growth rate for the 
remaining 15 hours and it was thought to result in a rapid decrease in protein 
synthesis followed by a constant rate of protein synthesis. It was hoped that the 
protein synthesis rate decrease would induce product synthesis at the start of 
the cycle followed by high production rate of vancomycin. A graph of profiled 
flow rate, profiled growth rate and subsequent volume increases k3 shown 
below (Figure 38).
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Figure 38. Flow rate, volume, and dilution rate profiles in a single 
cycle of CFBC for A. orientalis.
A  cycle time of 16 hours was used for this CFBC culture and involved a steep 
asymptotic decrease in dilution rate followed by a linear decrease.
6.3.1 Algorithm for Feed
The algorithms used to profile the flow rate and control the dilution rate are 
shown below.
The flow rate was profiled to decrease exponentially with time for the first hour 
of the CFBC culture. The flow rate increased linearly for the remainder of the 
cycle
F = -0.01025t2-0.04502t+0.4501 when t<l 6.3.1
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F = 0.01143t+0.2414 when t> = l
where
F- flow rate (1/h) 
t- time (h)
The computer control configuration is shown below (figure 39). The flow rate 
of substrate determined from the cycle time was used to determine the % output 
signal to the substrate pump. Volume calculations based on cycle time, flow 
rate and acid, alkali and sample volume was used to determine dilution rates 
from the flow rate. Volume limits were used to reset the cycle time and volume 
at the start of each cycle.
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A lg o r i t h m s  fo r  P r o f i l e d  
F e e d  I I
Figure 39. Computer control configuration for profiled flow rate
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6.3.2 Productivity
Biomass concentr ation increased over a period of 137 horns with the complex 
profiled feed (figure 40). It was thought that the excessive time taken to reach 
maximum biomass was due to the harsh regime that the organism was forced to 
undergo. The large increase in growth rate at the start of the cycle followed by 
the immediate rapid decrease of growth rate may have caused a selection of a 
mutant which could withstand these conditions resulting in a slow increase in 
biomass. This was also evident in the complex profile 1 which required a 
period of 140 horns before maximum biomass was reached. Vancomycin was 
detected after 93 horns of culture and increased rapidly with increasing cycle 
number. Further sample points would have allowed the maximum amount of 
vancomycin to be determined with this profiled feed. It is unknown whether 
product concentration would have increased further after 165 hours and indeed 
whether this profile would have been more productive than the constant feed 
rate. On reaching maximum biomass the vancomycin continued to increase.
7 60
6 -a-Biomass 50 <
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150
Figure 40. Biomass and Vancomycin concentrations in a single 
cycle of profiled CFBC for A. orientalis _________ _
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Cycle Age <h)
Figure 41. Biomass and vancomycin concentration in a single 
cycle of profiled CFBC._________________________________
The cycle used to compare biomass and productivity was the first cycle on 
reaching maximum biomass (figure 41). The biomass concentration remained 
stable throughout and the vancomycin increased at the start of the cycle then 
remained constant until the end of the cycle.
6.3.3 Protein Synthesis Rate
Protein synthesis rate measurements were obtained for this complex profile and 
used to compare with the results obtained for a constant rate of feed. A rapid 
decrease in protein synthesis was obtained for the complex profile using the 
exponential decrease in flow rate. Protein synthesis decreased after 30 minutes 
of cycle time compared with 2.4 hours at a constant flow rate. This resulted in 
rapid induction of product synthesis in the complex profile at the start of the 
cycle as can be seen from the decrease in specific production rate for the initial
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30 minutes followed by the increase in production rate after this time (figure 
42). Following the rapid decrease in protein synthesis rate at the start of the 
cycle the rate remained low for the remainder of the cycle.
Cycle Age (h)
Figure 42. Specific production rate and protein synthesis rate in 
a single cycle of profiled CFBC for A. orientalis
Cycle Age (h)
Figure 43. Protein synthesis rates for a single cycle in profiled 
CFBC and constant flow rate CFBC for A. orientalis
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Specific production rate was constant during the period of low protein synthesis 
rate as was obseived in the low growth rate range with constant feed. The 
production rate did not exceed that of the constant flow rate of feed (figure 44). 
The rapid decrease in growth rate at the start of the cycle did, however, result 
in an early induction of secondary metabolism. Perhaps an increase in 
production rate would have required a rapid decrease in protein synthesis rate 
towards the end of the cycle.
0.6
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Figure 44. Specific production rates for a single cycle of profiled 
CFBC and constant flow rate CFBC for A. orientalis
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6 .4  C o n s t a n t  R a t e  O f  C h a n g e  O f  G r o w t h  R a t e
A third profile was used providing a constant rate of change of growth rate. In 
the middle growth rate range and in batch cultures of A. orientalis the organism 
did not produce vancomycin. It was thought that this may be due to the rate of 
change of growth rate since production occurred in the low and high growth 
rate ranges with this organism. It was hoped that the profiling of feed to obtain 
a constant rate of change of growth rate would allow the determination of the 
effect on productivity. For compatibility of results the high growth rate range 
was used.
A graph of profiled flow rate, profiled growth rate and subsequent volume 
increases are shown below (figure 45).
A linear decrease in dilution rate was obtained with a profiled increase then 
decrease in flow rate.
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6.4.1 Algorithm for Feed
The algorithms used for the feed and dilution rate are shown below. 
D = -0.004833t+0.1
6.3.3
6.3.4
V = V_i+(F*At) 
where
D - dilution rate (h~l) 
F - flow rate (1/h)
V - volume (1) 
t - time (h)
6.3.5
The dilution rate was profiled to give a constant rate of change of growth rate 
and the flow rate required to obtain this was calculated from the volume and 
dilution rate. The algorithms used to control the CFBC for this constant rate of  
change of growth rate profile are shown below (figure 46)
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A l g o r i t h m s  f o r  P r o f i l e d  
F e e d  I I I
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Figure 46. Computer control configuration for constant rate of change of growth 
rate.
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6.4.2 Productivity
Biomass concentration never reached a maximum after 144 hours of culture 
time (figure 47). This was possibly due to population of organisms in the 
culture which could not adjust to the growth rate range or rate of change of 
growth rate used. It is clear, however, that the rate of change of growth rate 
does affect the culture and the product synthesis. Production was switched on 
from 71 hours of culture time though the concentration was very low. Perhaps 
if  the culture had been allowed to continue after 144 hours the biomass may 
have reached a maximum though it seems unlikely that productivity would have 
exceeded that obtained in the constant feed rate profile.
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Figure 47. Biomass and vancomycin concentrations in a single 
cycle profiled CFBC for A . orientalis_______________________
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C o n c lu s io n s
Profiling of dilution rate and flow rate can be carried out to optimise the CFBC 
culture. Three profiled CFBC were used to determine an optimal dilution rate 
profile for the production of vancomycin. The first profiled CFBC used a high 
constant flow rate reduced to a low constant flow rate and resulted in no 
production of the antibiotic. It was thought that further perturbations were 
required to induce production. The second profile was used to decrease the 
growth rate rapidly at the start of the cycle followed by a more gradual 
decrease for the remainder of the cycle. Production was induced but was lower 
than that obtained with a constant flow rate. The product concentration 
increased with increasing cycles and after 165 hours of cycle time the product 
concentration had not reached a steady state. It was unknown whether the 
steady state value with this profiled CFBC culture would have been higher than 
that obtained with a constant flow rate. The third profile employed a constant 
rate of change of growth rate and resulted in production of a low concentration 
of vancomycin.
Protein synthesis rate correlated with specific production rate for the higher 
producing profiled CFBC. The rapid decrease in dilution rate at the start of the 
cycle resulted in a decrease in protein synthesis rate and stimulated early 
production of vancomycin. Specific production rate increased after the early 
product induction until the dilution rate profile became more gradual where the 
specific production rate remained constant for the remainder of the cycle. The 
constant flow rate provided the highest concentration of product at the end of 
the CFBC cycle.
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Nomenclature 
D- Dilution Rate (h-1)
F- Flow Rate (1/h)
V- Volume (1) 
t- time (h)
% output- % signal to substrate feed pump 
S- sample volume (ml)
S.No- sample number 
ac- acid (ml) 
al- alkali (ml)
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7 .4  V a r i a b l e  V o lu m e  C h e m o s ta t
7 .5  C o n c lu s io n s
7 .1  I n t r o d u c t io n
A great number of publications since the 1950's have been devoted to the study 
of morphology of the filamentous organism. Factors thought to influence 
morphology include strain type, engineering variables and nutritional effects 
(van Suijdam and Metz, 1981). Amongst the engineering variables thought to 
affect morphology, mixing and shear stresses are probably the two most 
reported, van Suijdam and Metz (1981) suggested that influence of shear* on 
hyphal length was limited and that to alter hyphal morphology significantly an 
enormous energy input would be required. Behnar-Beiny and Thomas (1991) 
observed an effect of stirrer speed on morphology in batch cultures of S. 
clavuligerus. Clavulanic acid production, however, was reported not to differ* 
with the different morphologies and it was concluded that morphology had no 
effect on productivity. However, Martin (1994) disputed these results and 
concluded from the data of Behnar-Beiny and Thomas that a difference in 
clavulanic acid production was evident. Nutritional effects have also been 
shown to influence morphology for* filamentous organisms. Katz et al. (1972) 
observed different morphologies when the growth rate was increased by 
changing media composition. In agreement with this result was the work of 
Prosser and Trough (1991) who suggested morphological changes in 
filamentous organisms occur* as the organism maximises its efficiency of 
utilisation of solid substrates. Paul et a l (1994) attempted to link these two 
morphology influencing factors, shear* stresses and nutritional effects, and 
observed greater fragmentation and vacuolation following nutrient limitation in 
cultures of P. chrysogenum. They suggested that the nutrient limitation 
weakened the hyphae and caused vacuolation, making the organism more 
susceptible to shear* stresses.
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Since morphology has been associated with productivity it was decided to study 
morphology of the filamentous organism S. erythraea for the determination of 
any influence of morphology in CFBC.
7 .2  M o r p h o lo g y
Both batch culture and chemostat culture have been used in the study of effects 
of morphology on productivity in filamentous organisms. In batch culture 
discrepancies between results have been found due to the natur e of the culture 
system which harbours a constantly changing nutritional environment. 
Chemostat culture has therefore been used in many cases to clarify results from 
batch culture by following morphological progression within a constant 
nutritional environment. Despite the work carried out in both systems 
conclusive links between morphology and productivity have not yet been 
determined. This is possibly due to difficulties in obtaining a steady state in 
chemostat culture with filamentous organisms since hyphal fragmentation is a 
prerequisite to regrowth in this culture system. Coupled with this is the 
problems of mutant selection for which chemostat culture is noted, thus 
masking any links with morphology in batch culture. CFBC culture may prove 
to be a more suitable method for studying hyphal morphology since it was 
thought that the constant transient conditions would deter mutant selection and 
nutritional conditions ar e controlled within the bioreactor.
7.2.1 Morphological Progression in CFBC
The morphological progression in CFBC cultures of the filamentous organism 
S. erythraea was carried out in CFBC culture with growth rate range 0.025h_1 
to O.Olh'1. The morphological changes observed indicated differentiation 
possibly effected by changing nutrient availability in the bioreactor.
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Morphological changes were obseived in a 50 horn- cycle (figure 48 ). At the 
start of each cycle the organism became short and highly branched. The hyphal 
lengths and branches of the organism elongated as the dilution rate fell and the 
availability of nutrients became depleted. The branches elongated as the total 
biomass increased in the bioreactor. In the soil environment, this relatively 
unbranched morphology, noted at the end of the cycle, is attributed to a 
searching mode for scarce nutrients whereas the more highly branched form, 
obseived at the start of the cycle, is considered to be a mechanism for 
effectively occupying nutrient rich micro habitats (Katz et al, 1972; Prosser and 
Trough, 1991). Decreases in nutrient availability throughout the CFBC cycle 
occurred as the production rate increased which coincided with a change in 
morphology. At the end of each cycle the hyphal length was extensively long 
with a few long branches and showed a tendency to fragment.
Figure 48. Morphological progression in CFBC with growth rate range 
0.025h'1-0.011hJ
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It was thought that the extensively long hyphae found at the end of the cycle 
were weakened due to the decreased nutrient availability as found in fed batch 
cultures of P. chrysogenum. (Paul et al., 1994). Paul et al. suggested that the 
fragmentation which occurred after exhaustion of the growth limiting substrate 
in the batch phase of the fed batch cultur e was the result of shear* str esses on 
the weakened hyphae. In CFBC of S. erythraea the extensively long hyphae, 
although showing a tendency to fragment, did not completely do so until there 
was an increase in growth rate. On reaching maximum growth rate the 
organism fragmented rapidly and was followed by rebranching of the hyphal 
fragments. This suggests that nutritional factors play an important role in 
deciding the organisms morphology. Shear* stresses appear* to play a peripheral 
role on changing the morphology in CFBC since the long hyphae at the end of 
the cycle remained fairly intact despite being subjected to shear* stresses. Paul et 
al. (1994) suggested that the hyphal breakage was linked to hyphal age and the 
organisms physiological state. These morphological changes where observed in 
each CFBC growth rate range and throughout each cycle. The final hyphal 
length at the end of the cycle, however, decreased as the growth rate range 
increased. Final hyphal lengths were shortest in the high growth rate and 
longest for the low gr owth rate range suggesting that down regulation of growth 
rate was greater in the low growth rate range. Perhaps this would explain the 
higher productivity for this range in CFBC cultur es of S. erythraea.
7 .3  C h e m o s t a t  C u l t u r e
Results from both batch culture and CFBC suggest secondary metabolite 
production to be induced by down-regulation of the growth rate, the product 
concentration in CFBC being dependant on the specific growth rate range used. 
In chemostat culture a constant gr owth rate is maintained at steady state and it
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1is therefore suggested that this culture method is suitable for organisms whose 
product is a primary metabolite.
7.3.1 Productivity
A chemostat fermentation with steady state values 0.12h“l, O.Ur*, 0.07h~l and 
0.04h~l was carried out and used to compare antibiotic and biomass 
concentrations with CFBC. Chemostat culture dilution rates 0.04h-l and 0.07h- 
1 were chosen to equal the median values of the growth rate ranges of CFBC, 
0.06h~l - 0.027h”l and O.lhfl » 0.045h"l respectively. Two further dilution 
rates, O.lh'1 and 0.12b'1, were chosen for the chemostat culture to observe 
productivity at high growth rates. Growth rates below 0.04h_1 were not carried 
out due to mixing problems associated with low dilution rates in chemostat 
culture. Results of chemostat culture and CFBC are shown in table 6.
Table 6. Comparison of CFBC and chemostat culture biomass and 
productivity
D ilution
R a te
(CFBC
average)
(h-1)
C F B C
A verage
Biom ass
(g /o
C FB C
A verage
P roduction
(mg/l)
C hem ostat
Biom ass
(gd)
C h em o sta t
P ro d u c tio n
(mg/l)
0.12 - - 2.53 18.7
0.1 - - 2.61 20.1
0.07 2.10 34.8 2.88 25.8
0.04 2.16 54.4 2.68 51.2
0.018 1.87 63.5 - -
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Biomass concentrations in the steady state chemostat cultures were higher than 
in CFBC. Antibiotic tihes we^e higher in the CFBC runs than all chemostat 
steady state values. Despite higher product concentrations in CFBC, chemostat 
culture provided competitive amounts of antibiotic. This is in disagreement 
with results obtained for CFBC where down regulation of growth rate was 
thought to induce secondaiy metabolite production. The higher concentrations 
of product in CFBC can be attributed to the nutrient fluctuations between 
cycles and the continual down regulation of growth rate which provided 
conditions for production of antibiotic rather than growth of the organism
7.3.2 Morphology
In chemostat culture of S. erythraea in carbon limited medium the vessel 
contained a wide distribution of morphologies (figure 49). This distribution 
was also obseived by Martin (1994) who obtained hyphal lengths from 60pm 
up to 180pm, a 300/, difference in length, in nitrogen limited chemostat cultures 
of S. erythraea. Righelato et al (1968) obseived morphological distributions in 
chemostat cultures of Penicillum chrysogenum covering 100pm to 260pm. 
Robinson and Smith (1976) also obseived considerable variation in length of 
hyphae from each specific growth rate examined in chemostat culture of G. 
candidum in carbon limited medium. The different morphologies within a 
“steady state” in chemostat culture suggest physiological differences from cell 
to cell. These different morphologies obseived within the chemostat are to be 
expected for the continuation of the culture with fragmentation of mature 
hyphae and regrowth of these fragments preventing the washout of the culture. 
Thus as a result the whole culture reaches an equilibrium of fr agment regrowth 
and hyphal elongation providing an overall steady state in chemostat culture. 
For the chemostat to maintain an overall steady state and constant biomass the
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different morphologies must grow at different rates. These different rates are 
observed in chemostat culture where short hyphae grow and branch 
exponentially compared with longer hyphae which increase length linearly and 
are less branched (Yang et a l,  1991). Hence, although the overall effect of 
chemostat culture achieves a steady state individual hyphae are not growing at 
the same rate and therefore the cells growing at a faster rate will ultimately be 
controlled by the growth limiting substrate concentration and the flow rate of 
the substrate. As these faster growing cells elongate then rate of growth slows 
down, indicated by the less highly branched long hyphae, and since growth rate 
is down regulated production is induced in the longer hyphae. Regrowing 
fragments and short hyphae are gr owing as fast as the growth limiting substrate 
allows and hence growth rate is increased or kept constant depending on the 
rate of supply of nutrients, thus production is switched off for this morphology. 
Productivity is lower in chemostat culture than in CFBC since only a portion of 
the culture is being down regulated in a chemostat compared with continuous 
down regulation in CFBC. A system where individual hyphae are growing at 
identical rates is required to identify the induction process, that is whether 
induction is the result of down regulation of hyphae or of hyphal morphology.
Figure 49. Morphological distribution of hyphal lengths in chemostat 
culture with S. erythraea.
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The mean hyphal length and hyphal growth unit were reported to change with 
different growth rates in chemostat cultures. Katz et a l (1972) found a 
decrease in mean hyphal growth unit with increasing growth rate in batch 
culture and Morrison and Righelato (1974) obtained similar* results with P. 
chrysogenum. Robinson and Smith (1976) found increasing mean hyphal 
length with decreasing growth rate in G. candidum. They obseived within the 
morphological distribution that the mean morphology at dilution rate 0.025h-l 
appeared long and unbranched. At dilution rates O.lh-1 up to 0.2h-l more 
lateral branching of the organism occurred and at dilution rate 0.3h-l and 
higher the filaments were profusely branched. Identical results were obseived 
in chemostat cultures of S. erythraea, with higher growth rates of 0.1h-l and 
0.12h-l providing smaller more highly branched organisms and lower dilution 
rates of 0.042h-l resulting in longer less branched hyphae. The growth rate of 
regrowing fragments of hyphae in chemostat culture is controlled by the 
growth limiting substrate concentration and the flow rate into the vessel. At 
high growth rates these fragments can increase then* rate of growth in response 
to the high flow rate and abundant nutrients. This is analogous with CFBC 
where at the start of the cycle the growth rate increases and production is 
switched off, hence at high growth rates in chemostat the regrowing fragment 
up regulates its growth rate and switches off production. At low growth rates 
the regrowth of a fragment is controlled by the flow into the vessel and since 
the supply of nutrients is at a lower rate up regulation occurs for a shorter 
period of time. In addition the long hyphae spend more time in the vessel and 
hence down regulation is extended at low growth rates and production 
increased. As with CFBC these changes in morphology with growth rate 
suggest a direct influence of the nutritional environments on the physiology of 
the organism.
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7 .4  V a r i a b l e  V o lu m e  C h e m o s ta t  C u l t u r e  ( W C )
As described by Dunn and Mor (1975), a cyclic fed batch culture with constant 
growth rate where the flow rate into the bioreactor is fed exponentially is 
known as a variable volume chemostat (VVC). The computer control system 
for the VVC determines the flow rate of feed from the dilution rate i.e the 
dilution remains constant whilst the volume increases and hence the flow rate 
increases to allow for this.
In chemostat culture the morphology of individual cells varied with both short 
highly branched and long hyphae with few branches present. In variable 
volume chemostat the morphological distribution was narrower than in 
chemostat culture, the growth rate determining the mean hyphal morphology. 
This suggests variable volume chemostat provides a system where one 
population of morphology can exist allowing determination of the effect of 
morphology on production. Growth rate ranges were chosen as for chemostat 
culture and the biomass and erythromycin concentrations shown (figure 50 ).
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Figure 50. Comparison of biomass and erythromycin
productivity in chemostat and variable volume chemostat
culture.
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Biomass concentrations were identical for both chemostat and VVC. 
Erythromycin concentrations increased with decreasing growth rate and 
dilution rate in chemostat culture. This was thought to be due to down 
regulation of hyphae for a longer period of time indicated by longer hyphal 
length at lower growth rates. In addition unsuccessful mixing in the chemostat 
culture could account for further inaccuracies with more than one flow rate to 
account for. Since the population in chemostat culture is dependant on the flow 
into and out of the vessel for a constant growth rate any mixing problems 
would prevent a steady state being reached. As the flow rate decreases for 
lower growth rate mixing becomes an even greater problem and a small dr op of 
feed to distribute its self around the entire culture would require instant 
homogeneity of the culture. Any differences in concentration of the growth 
limiting substrate at any point around the vessel would allow further down 
regulation. In W C  only flow into the culture vessel occurs throughout the 
cycle allowing a more achievable steady state. However this is not to say that 
perfect mixing is achieved but that flow out of the vessel is one less par ameter 
to worry about.
In the W C  the erythromycin concentration increased slightly with decreasing 
growth rate, probably the cause of poorer mixing. Overall the erythromycin 
stayed constant even though the morphology changed with growth rate. 
Production was less than 10mg/l in all VVC compared with 51.2mg/l achieved 
in chemostat with growth rate 0.04h-l. Despite the low productivity 
morphology changes were dramatic with the low growth rate 0.04 h-1 providing 
a long hyphae with few branches compared with the short hyphae with high 
gr owth rate 0.12h-l. Filamentous morphology did not effect production in W C  
but acted as an indicator for the physiological state of the organism. Biomass 
recycle experiments carried out by Martin (1994) agree with this observation. 
Biomass was removed from chemostat cultures of S. erythraea in nitrogen 
limited medium and allowed to separate out before returning the long fragments
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to the culture. It was thought that the long filaments, normally associated with 
production in chemostat, would provide higher production by increasing the 
proportion of producing cells using this novel culture method. The short 
fragments were removed to waste and dilution rate collections were made for 
the culture removed by the recycled biomass to provide a steady state in the 
vessel. Productivity was lower in the biomass recycle experiment where the 
long fragments were returned in comparison to the control where both long and 
short fragments were returned. A steady state analogous with VVC was 
obtained in biomass recycle experiments where hyphae grew at a constant rate 
resulting in a lower productivity than in chemostat culture.
7 .5  C o n c lu s io n s
Induction of secondary metabolites was the result of a down regulation of 
growth rate as observed in CFBC cultures of S. erythraea. In chemostat culture 
a portion of the culture was down regulated, the remaining portion being either 
up regulated or growing at a constant rate. As a result of the down regulated 
fraction secondary metabolite production was obseived in chemostat culture. 
Morphological differences supported these observations with short highly 
branched organisms growing exponentially whilst longer less branched hyphae 
increased linearly in length and did not produce further branches. The 
elongation of the short hyphae resulted in a decrease in growth rate from 
exponential growth to linear growth, hence down regulation occurred. At low 
steady state growth rates linear growth was more obvious with an increase in 
the mean hyphal length and hyphal growth unit. Production was higher at 
lower growth rate steady states since the degree of down regulation was 
increased. Variable volume chemostat and biomass recycle chemostat 
experiments further confirm that down regulation in chemostat culture induces 
production of secondary metabolites. The proportion of long hyphae was
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increased in both culture systems and growth of individual hyphae maintained 
at a constant rate resulting in a lower concentration of secondary metabolite 
than that found in chemostat culture. It appears that filamentous morphology 
does not influence secondary metabolite production but acts as an indicator for 
the physiological state of the individual hyphae. Induction is the result of down 
regulation of gr owth rate and continual down regulation, as obtained in CFBC, 
increases productivity dramatically.
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C hapter 8
C o n c lu d in g  R e m a r k s
C o n c lu d in g  R e m a r k s
Cyclic fed batch culture has been shown to increase productivity in S. 
erythraea and induce production in A. orientalis cultures. It would appeal* that 
CFBC is most useful for growth dissociated products, although a profiled feed 
could be used to increase growth rate which would presumably increase 
productivity in growth associated products. Productivity increased in both 
organisms although the trends of production with growth rate range differed. In 
CFBC cultures operating in the high growth rate range A orientalis produced 
the highest amounts of vancomycin. However, the highest productivity in 
cultures of S. erythraea were found with the low growth rate range. The level 
of perturbation appeared to be important in determining the most productive 
range. Where high levels of perturbation were obseived from erratic biomass 
readings higher productivities were found. Table 7 shows the mean biomass 
concentration and standard deviation between biomass sample points on 
reaching a quasi steady state until termination of the culture (biomass 
measurements from CFBC’s shown in figures 10a, 11a, 19, 20 and 21). 
Maximum productivity was taken from the highest antibiotic concentration 
following steady state. Where the mean biomass concentration was low with a 
high standard deviation productivities were highest. At higher biomass 
concentrations the productivity was low as can be seen in the middle growth 
rate range with cultures of A. orientalis. Biomass concentrations were 28% 
higher than in the low growth rate range and production was not induced 
despite identical glucose concentrations in the feeds of both CFBC’s. In 
cultures of S. erythraea, the low producing high growth rate range was found to 
have a 19% higher mean biomass concentration than the high producing low 
growth rate range.
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Table 7 : Level of perturbation on productivity for
S. erythraea and A. orientalis
CFBC: 
organism and 
range
Level of
perturbation (g/1): 
(biomass mean and 
standard deviation)
Maximum 
CFBC product 
concentration 
(mg/1)
S. eiythraea 
High range
2.29 +/- 6.8% 52.2
S. erythraea 
Middle range
2.04 +/- 9% 73.0-
S. erythraea 
Low range
1.93 +/- 8% 71.9
A. orientalis 
High range
5.58 +/- 6% 74.2
A. orientalis 
Middle range
6.02 +/- 3% 0
A. orientalis 
Low range
4.70 +/- 6% 72.1
The standard deviation between sample points also appealed to correlate with 
production as seen in the middle growth rate range with S. erythraea where 
high deviations resulted in high productivity. In cultures of A. orientalis 
standard deviations above 6% correlated with high vancomycin concentrations. 
The large deviations found in biomass concentration in CFBC suggests that the
specific growth rate dilution rate are out of synchrony. This
implwj that the specific growth rate is a key factor in the productivity of the 
culture system since the greater the deviation from dilution rate value the higher 
the productivity. These results suggest that a high level of perturbation and 
suppression of growth enhances productivity.
Similarly the decreasing productivity found with different culture systems, 
CFBC, batch, chemostat, and variable volume chemostat, suggests a link 
between growth rate down regulation or systems perturbation and secondary 
metabolite production ( table 8 ).
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Table 8. Comparison of culture methods productivity for S. e ry th ra ea
Culture
Method
Maximum 
Erythromycin 
Concentration in 
first CFBC cycle 
(mg/l)
Specific
Production Rate 
(mg/g/h)
CFBC 
Low range
75.0 0.722
CFBC
Middle range
45.0 0.833
CFBC 
High range
35.0 1.167
BATCH
40.0 0.39
Chemostat
0.04
51.2 0.764
Chemostat
0.07
25.8 0.627
Chemostat
0.1
20.1 0.770
Chemostat
0.12
18.7 0.887
V.V. Chemostat 
0.04
10.36 0.16
V.V. Chemostat 
0.07
9.99 0.25
V.V. Chemostat 
0.1
8.28 0.31
V.V. Chemostat 
0.12
6.15 0.27
The highest productivity was found in CFBC culture which was considered to 
have endured the highest level of perturbation of the culture systems. Batch 
culture was thought to be second in terms of perturbation and productivity 
followed by chemostat culture and variable volume chemostat culture. 
Chemostat culture was thought to have relatively high levels of perturbation 
due to lack of homogeneity in the system allowing decreasing growth rates as
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filamentous organisms elongate especially at lower growth rate state states (see 
chapter 7).
The productivity of any system is obviously related to the physiological state of 
the organisms within the culture. A cascade of events at the molecular level is 
thought to occur before enzymes are produced or derepressed for the synthesis 
of the secondary metabolite. The trigger for this cascade of events has been 
thought to be the result of a single control mechanism such as a decrease in 
protein synthesis rate or a build up of ppGpp. However, previous studies of 
evolution has proved not to always follow the most efficient pathway. This is 
best seen in bacterial cultures where ribosomes are overproduced at lower 
growth rates, presumablj awaiting better conditions.This inefficient system for 
the production of ribosomes shows how evolution can be unpredictable. 
Perhaps in the case of secondaiy metabolism more than one triggering device 
exists for induction in an organism. It is thought that observing the cell as a 
complex network of mechanisms, all interconnected would help resolve the 
enigma of secondaiy metabolite induction. Perhaps a model of the physiology 
of the cell would allow further insight into the induction mechanism or 
mechanisms. A simplified model of the physiology of S. tendae in phosphate 
limited medium was carried out by Mundiy and Kuhn (1991) and although it 
did not attempt to model the network of regulatory mechanisms it did give an 
insight into how this may be achieved. Achieving a system for the optimal 
production of secondaiy metabolites such as using profiled feed in CFBC is 
veiy difficult without an understanding of these regulatory mechanisms for 
product induction. These two processes, modelling the physiology and 
optimisation o f the culture process, go hand in hand to achieve optimisation of 
the system in the hue sense of the word. With the recent advances in molecular 
biology, modelling of the physiological network should not be too far in the 
future, allowing tine optimisation of production of secondary metabolites.
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